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A B S T R A C T

Over the last years, the biopharmaceutical industry has significantly turned its biologics production towards

mammalian cell expression systems. The presence of glycosylation machineries within these systems, and the

fact that monoclonal antibodies represent today the vast majority of new therapeutic candidates, has largely

influenced this new direction. Recombinant glycoproteins, including monoclonal antibodies, have shown

different biological properties based on their glycan profiles. Thus, the industry has developed cell engineering

strategies not only to improve cell’s specific productivity, but also to adapt their glycosylation profiles for

increased therapeutic activity. Additionally, the advance of “omics” technologies has recently given rise to new

possibilities in improving these expression platforms and will significantly help developing new strategies, in

particular for CHO (Chinese Hamster Ovary) cells.

1. Introduction

Over the past decade, more than a hundred new biopharmaceutical

products have been approved and marketed in the United States (US)

and European Union (EU). Market value for these biologics was recently

estimated at $140 billion US, with a total of over two hundred

therapeutics (Walsh, 2014). A significant portion of these products

are recombinant proteins, with an ongoing increase in the number of

them produced in mammalian expression platforms (Walsh, 2014). This

trend is mostly driven by the increased attention directed to post-

translational modifications of these biologics, in particular towards

their glycosylation state. Indeed, several efforts have been made over

the last few years to understand how glycosylation can influence the

biological activity of therapeutics. Studies have demonstrated that

proper glycosylation profiles can improve recombinant protein proper-

ties such as increase their stability and half-life in blood circulation and

decrease their immunogenicity (Ashwell and Harford, 1982; Runkel

et al., 1998; Ghaderi et al., 2010; Ghaderi et al., 2012; Jefferis, 2016a;

Jefferis, 2016b; Kuriakose et al., 2016).

Among the mammalian-based expression systems, CHO cells is by

far, the most commonly used cell line. It is involved in the production of

over 70% of recombinant biopharmaceutical proteins, most of them

being monoclonal antibodies (mAbs) (Durocher and Butler, 2009; Kim

et al., 2012; Butler and Spearman, 2014). This review will summarize

the recent advances in production of glycoproteins in mammalian cells,

with a particular emphasis on the CHO cell system. The various

expression systems currently used for therapeutic glycoprotein produc-

tion (Fig. 1) will be overviewed and cell engineering strategies used to

improve biologics production and/or quality will be discussed. Finally,

we will also describe the different “omics” approaches used lately in the

field in order to improve glycoprotein production and/or glycosylation.
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2. Cell hosts

2.1. Chinese hamster ovary cells

CHO cells are widely used for glycoprotein production because of

their numerous advantages. These cells can achieve substantial produc-

tion rate, are suitable for large-scale industrial suspension culture and

can be adapted to grow in various serum-free and chemically defined

culture media (Kim et al., 2012; Lai et al., 2013). Since CHO cells

produce recombinant glycoproteins with human-like glycans, the

generated products are to more likely be compatible and bioactive

within human hosts (Kim et al., 2012; Lai et al., 2013). Furthermore,

these cells are refractory to infection by human viruses, which mini-

mizes biosafety risks for commercial production purpose (Boeger et al.,

2005). This decreased susceptibility could be attributed to the fact that

many viral entry genes are not expressed in CHO cells (Xu et al., 2011).

Moreover, different gene amplification systems have been developed

and used in CHO cells, which allow for high titer yields and good

specific productivity (Durocher and Butler, 2009; Kim et al., 2012; Lai

et al., 2013). There are many examples of biotherapeutic glycoproteins

approved by the Food and Drug Agency (FDA) and the European

Medicines Agency (EMA) currently produced in these cells. Several

monoclonal antibodies such as Siltuximab (SYLVANT®), Pertuzumab

(PERJETA®) and Rituximab (RITUXAN®), as well as other proteins such

as tissue plasminogen activator (tPa, ACTILYSE®, ACTIVASE®) and

Human DNAse (PULMOZYME®) are just some of the many examples

of biotherapeutics generated in CHO cells (for a recent list see (Dumont

et al., 2015)). In 2015, more than half of the thirteen new biologics

approved were recombinant proteins produced in CHO cells (Sellick

et al., 2011a). Among these products, four monoclonal antibodies,

Daratumumab (DARZALEX®), Mepolizumab (NUCALA®) and Evolocu-

mab/Alirocumab (REPATHA®/PRALUENT®) are used to treat multiple

myeloma, asthma and hypercholesterolemia, respectively. The same

trend is currently observed in 2016, where again more than half of the

approved biotherapeutics are produced in CHO cells (FDA, 2016).

Although CHO cells possess many advantages for glycoprotein produc-

tions, they are unable to produce some types of human glycosylation,

such as α-2,6-sialylation and α-1,3/4-fucosylation (Patnaik and

Stanley, 2006). Moreover, CHO cells produce glycans that do not occur

in human cells, namely N-glycolylneuraminic acid (Neu5Gc) and

galactose-α1,3-galactose (α-gal), even though these occurring at very

low levels (e.g< 2% and<0.2% respectively) (Bosques et al., 2010;

Ghaderi et al., 2010; Dietmair et al., 2012b; Ghaderi et al., 2012). The

human immune system can produce antibodies against these N-glycans

that could contribute to immunogenicity/neutralization of the corre-

sponding biotherapeutics (Galili et al., 1984; Noguchi et al., 1995;

Tangvoranuntakul et al., 2003; Chung et al., 2008; Macher and Galili

2008; Padler-Karavani et al., 2008; Ghaderi et al., 2010; Padler-

Karavani and Varki, 2011). CHO cells also have limited ability to

gamma-carboxylate recombinant proteins such as clotting factors

(Kumar 2015), even though some improvements have been achieved

through metabolic engineering work (Rehemtulla et al., 1993; Liu et al.,

2014). Proteins requiring proteolytic processing for maturation may not

always be fully cleaved and active when expressed in CHO. For

example, co-expression of furin was shown to allow the production of

fully cleaved and active von Willebrand factor in an industrial-scale

CHO perfusion system (Fischer et al., 1995) and of the coagulation

factor VIII B-domain (Demasi et al., 2016). Similarly, co-expression of

proprotein convertases allowed for the efficient maturation of human

bone morphogenetic protein-7 (Sathyamurthy et al., 2015).

2.2. Human cell lines

One way to favor human-like glycosylation would be to use human

cell lines for recombinant protein production. This strategy would

warrant that proteins harbor, if not the ideal glycosylation pattern, at

least a non-immunogenic glycans (Swiech et al., 2012). The most

commonly used human cell lines to manufacture glycoprotein ther-

apeutics are the HEK293 cells and the HT-1080, respectively from

human embryo kidney and fibrosarcoma origin (Rasheed et al., 1974;

Graham et al., 1977). Drotrecogin alfa (Xigris®), the first therapeutic

glycoprotein produced in human cells (HEK293) approved by FDA and

EMA, was accepted by both agencies in 2001 and 2002 respectively.

However, it was removed from the market in 2011, since it failed to

show significant beneficial effects. Yet, only four biological glycopro-

teins were approved in the following decade by FDA and/or EMA.

These four therapeutics, namely Agalsidase alfa, Epoetin delta (DYNE-

PO®), Idursulfase (ELAPRASE®) and Velaglucerase alfa (VPRIV®), are

produced using a gene activation technology (proprietary of Shire) in

HT-1080 cells (Moran, 2010). Epoeitin delta produced in HT-1080 was

found to have better homogeneity of its tetra-antennary glycans, higher

sialic acid content and no Neu5Gc, compared to CHO-produced

erythropoietin (Llop et al., 2008). However, this product was volunta-

rily withdrawn for commercial reasons (Dumont et al., 2015). As for

Fig. 1. Expression systems used for glycoprotein production by biopharmaceutical industries.
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Velaglucerase alfa, its glycoprofile has also been compared to similar

products (other β-glucocerebrosidases) produced in CHO cells and

carrot cells (Imiglucerase (CEREZYME®) and Taliglucerase alfa (ELE-

LYSO®), see below). Even though these three products show diverse

glycan profiles, they showed similar macrophage uptake, in vitro

enzymatic activity, stability and efficacy (Ben Turkia et al., 2013;

Tekoah et al., 2013). Notably, neutralizing anti-Imiglucerase antibodies

were observed in 24% of patients, with an impact on the protein

activity (Ben Turkia et al., 2013).

In 2014, a bulge of approvals for therapeutic proteins produced in

human cell lines was observed, with four new FDA/EMA authorized

glycoproteins. rFVIIIFc (ALPROLIX®) and rFIXFc (ELOCTATE®) are two

of these proteins, used for prevention of bleeding episodes in people

with hemophilia A and B. They consist of domains of FVIII and FIX

proteins fused to the Fc portion of immunoglobulin G1 (IgG1) (Powell

et al., 2012; Peters et al., 2013). rFVIIIFc has six tyrosine sulfation sites

which are essential for its functionality. Besides, rFIXFc has γ-carbox-

ylation of its first twelve glutamic acid residues, also important for its

activity. Expressing these glycoproteins in HEK293 resulted in greater

tyrosine sulfation and glutamic acid γ-carboxylation compared to CHO

cells and excluded any α-gal and Neu5Gc from the manufactured

products (Berkner, 1993; Kannicht et al., 2013; Peters et al., 2013;

McCue et al., 2014, 2015). Dulaglutide (TRULICITY®), another Fc fusion

protein used for treatment of type 2 diabetes mellitus, is produced in

HEK293-EBNA1 cells and was approved in 2014. Lastly, the Human-cl

rhFVIII (NUWIQ®), a replacement clotting factor for hemophilia A

disorder is approved by EMA since 2014 and by FDA since 2015

(Dumont et al., 2015). It is produced in HEK293-F cell line and has

shown similar glycosylation profile to the plasma-derived factor VIII,

deprived of α-gal and Neu5Gc (Casademunt et al., 2012; Kannicht et al.,

2013).

Some human cell lines are currently being used in preclinical and/or

clinical development stages for recombinant glycoprotein production.

This is the case for PER.C6 cells, which consist of human embryonic

retinoblasts transformed with adenovirus type 5 E1A and E1B-encoding

sequences (Havenga et al., 2008; Swiech et al., 2012). These cells are

able to produce high titers of IgG without requiring amplification of the

incorporated gene (Jones et al., 2003). MOR103 is a mAb directed

against granulocyte macrophage colony-stimulating factor and is

developed to treat patients with rheumatoid arthritis and multiple

sclerosis (Behrens et al., 2015; Dumont et al., 2015). CL184 is a

combination of two mAbs used against rabies virus (Marissen et al.,

2005; Bakker et al., 2008). Both antibodies, produced in PER.C6 cells,

are currently tested in clinical phase 1/2 (Dumont et al., 2015). The

HKB-11 cell line is a fusion of HEK293S and human B-cell lines (Cho

et al., 2003). It has recently showed high-level protein production and

α2,3 and α2,6-sialic acid linkages (Picanco-Castro et al., 2013). Two

other cell lines, the CAP (CEVEC’s Amniocyte Production) cells of

human amniocytes origin and the HuH-7 cells of human hepatocellular

carcinoma origin, are presently tested for recombinant glycoprotein

production in preclinical phases and both display human-like glycosy-

lation profiles (Schiedner et al., 2008; Wolfel et al., 2011; Enjolras

et al., 2012; Swiech et al., 2012; Wissing et al., 2015).

2.3. Other mammalian (non-human) cell lines

Baby Hamster Kidney (BHK) cells are mostly been used for the

production of vaccines (Durocher and Butler, 2009). Only two mar-

keted recombinant glycoproteins are currently manufactured in these

cells, Factor VIIa (NovoSeven®) and Factor VIII (Kogenate® and

Kovaltry®), which are other clotting factors (Durocher and Butler,

2009; Dumont et al., 2015). These large glycoproteins are abundantly

glycosylated and sulfated and are thus challenging to manufacture

(Soukharev et al., 2002; Ishaque et al., 2007; Nivitchanyong et al.,

2007).

Murine myeloma cells (NS0 and Sp2/0), derived from tumor cells

that no longer produce their original immunoglobulins, also are being

used to produce some commercial monoclonal antibodies such as

Cetuximab (ERBITUX®) and Palivizumab (SYNAGIS®) (Barnes et al.,

2000; Dumont et al., 2015). In 2015, three new therapeutic monoclonal

antibodies produced in murine cells were approved by the FDA, namely

Dinutuximab (UNITUXIN®), Necitumumab (PORTRAZZA®) and Elotu-

zumab (EMPLICITI®), all used to treat different cancer types. Murine

cells can also produce α-gal and Neu5Gc at considerably higher levels

than hamster cells, increasing the risks of immunogenicity

(Tangvoranuntakul et al., 2003; Chung et al., 2008; Macher and

Galili, 2008; Padler-Karavani et al., 2008; Ghaderi et al., 2012).

2.4. Non-mammalian cell lines and other expression systems

While a major trend in the last decade has been to use mammalian

cell lines to manufacture recombinant glycoproteins, it is not to be

forgotten that there are still a large number of recombinant biother-

apeutics produced in other expression systems. However, these organ-

isms do not have the ability to adequately glycosylate recombinant

proteins, due to the absence of the required enzymatic machinery.

These systems are thus mainly limited to the expression of non-

glycosylated proteins. Bacterial expression systems have rapid cell

growth and high yields, but proteins often aggregate and have to be

extracted from inclusion bodies, due to the absence of chaperone

proteins, before being refolded in vitro. Still, some commercially

available enzymes that are not glycosylated, such as asparaginase and

collagenase, are produced in bacterial expression systems (Graumann

and Premstaller, 2006; Ghaderi et al., 2012). Some recombinant

proteins are produced in yeast, which can also divide rapidly and

generate high yields. However, these cells produce glycoproteins with

high-mannose glycans structures, which may be immunogenic and less

potent in humans (Dean, 1999; Gemmill and Trimble, 1999; Gerngross,

2004; Dumont et al., 2015). Examples of approved therapeutics from

yeast expression system are ocriplasmin (JETREA®) and catridecagog

(TRETTEN®) (Dumont et al., 2015). As for plant and insect cells, both

are able to produce recombinant proteins with complex glycans, but

with structures quite different from the human ones. Indeed, plants

produce core α1,3-fructose and β1,2-xylose, which are completely

absent in human cells and could be immunogenic (Karg et al., 2009;

Ghaderi et al., 2012). Insect cells produce N-glycan precursors that are

trimmed, creating high mannose or paucimannose structures (Kost

et al., 2005). Both plant and insect cells lack sialic acid residue on their

glycans. Several attempts have been made to glycoengineer plant and

insect cells for protein productions (Cox et al., 2006; Misaki et al., 2006;

Paccalet et al., 2007; Schahs et al., 2007; Sourrouille et al., 2008;

Strasser et al., 2008). In 2012, a first plant-generated therapeutic

recombinant protein, taliglucerase alfa (ELELYSO®) was approved by

the FDA (Walsh, 2014). Currently, the only therapeutics approved for

insect cell expression systems are the human papillomavirus vaccine

(CERVARIX®), the prostate cancer immunotherapy vaccine (PRO-

VENGE®) and the flu vaccine (FLUBLOK®) (Cox, 2012; FDA, 2013;

Dumont et al., 2015). Lastly, a few therapeutic proteins are produced in

transgenic animals. As with other mammalian expression systems,

transgenic animals often produce different glycosylation pattern com-

pared to native human proteins (Durocher and Butler, 2009). The first

therapeutic produced in transgenic animal available on the market was

the human anti-thrombin alpha (ATryn®), made in transgenic goat milk

(Kling, 2009). This product was followed by the C1-esterase inhibitor

(Ruconest®) produced in rabbit milk, approved by the EMA in 2011 and

by the FDA in 2014 (Walsh, 2014). Finally, a third product generated in

transgenic chicken eggs has been approved in 2015 by both EMA and

FDA, a recombinant human lysosomal acid lipase (Kanuma®).

3. Cell engineering

In the biopharmaceutical industry, production of glycoproteins is

M.-E. Lalonde, Y. Durocher Journal of Biotechnology 251 (2017) 128–140

130



currently achieved by either transient or stable gene expression in the

cells. When the need for a quick and economical approach prevails,

transient expression remains the best choice for protein production

(Rosser et al., 2005; Pham et al., 2006; Geisse, 2009; Chahal et al.,

2011; Baldi et al., 2012). By skipping the lengthy selection process for

the cells that have integrated the plasmid within their genome,

transient transfection is much faster (Rita Costa et al., 2010). However,

the production rate relies on many factors including efficiency of the

transfection phase, cytotoxicity of the transfection reagent and exten-

siveness of the feeding strategy applied to the culture post-transfection

(Pham et al., 2006; Daramola et al., 2014). Although the level of protein

obtained is not as high as with stable gene expression, it is still

sufficient for many applications. Indeed, during transient transfection,

the plasmid DNA is mostly kept extrachromosomally, the cells rapidly

losing it during division, therefore limiting the amount of expressed

proteins. Yet, it is ideal for high throughput screening for hits

identification and very helpful for early stage product characterization

(Ozturk and Hu, 2005; Rosser et al., 2005; Rita Costa et al., 2010). To

date, only viral vectors used in gene therapy have been produced by

transient transfections for clinical applications (Wright, 2009). When it

comes to production of glycoproteins in large quantities, stable gene

expression systems remain the preferred avenue. For these systems,

multiple aspects have been tackled and optimized for improving

productivity, process robustness and reducing cell line generation

timelines (Fig. 2).

3.1. Selection systems

Many selection systems have been developed over the years to

improve the production rate of the proteins and the efficiency of the

selection. For stable expression, a gene marker is usually integrated in

the expression plasmid along with the cDNA encoding the gene of

interest, conferring a selective advantage to the cells that integrate the

plasmid into their genome (Rita Costa et al., 2010). Copy number of

integrated plasmid as well as the integration site(s) within the host

genome are some of the key factors when it comes to stable gene

expression. There are two frequently used selection markers in the

biopharmaceutical industry, namely the glutamine synthetase (GS) and

the dihydrofolate reductase (DHFR) genes. The first one, originally

developed by Celltech (now Lonza Biologics), uses complementation of

a glutamine auxotrophy by a recombinant GS gene (Fan et al., 2013).

NS0 and Sp2/0 cell lines express insufficient endogenous levels of GS to

support growth, therefore simply removing glutamine from the culture

media is sufficient for selection. However, for CHO cells, it is necessary

to add methionine sulfoximine MSX (an analogue of glutamate) in

combination with the removal of glutamine in the media, to help inhibit

endogenous glutamine synthetase activity and have enough selection

pressure. Moreover, CHO GS-Knock out (KO) cell lines were recently

developed (Eli Lilly), thus enhancing the stringency of this selection

system (for further details see Section 3.2). Similarly, the DHFR

selection uses the fact that CHO cell mutants have been selected to be

deficient for DHFR (Urlaub and Chasin, 1980). Using a recombinant

DHFR gene in the integrated plasmid, cells are put under selection

pressure and gene amplification with increasing concentrations of

methotrexate to inhibit the DHFR enzyme activity, combined with the

absence of nucleotide precursors in the media. Other selection systems

have been developed more recently, such as the OSCAR™ system from

the University of Edinburgh, that uses minigene vectors encoding the

hypoxanthine phosphoribosyltransferase (HPRT), essential for purine

synthesis (Melton et al., 2001; Costa et al., 2012). Yet, only the DHFR

and the GS systems have been used so far by the industry for high-scale

commercial productions.

3.2. Gene expression

Despite the success of the selection systems described above, a main

problem persists with these methods, being the fact that they are based

on random plasmid integration and its expression cassette in the host

genome. This random integration creates very heterogeneous cell

population that have variable expression levels amongst the different

clones. Transgenes are likely to be inserted in heterochromatin regions,

which results in very weak gene expression levels. This implies screen-

ing a very large number of clones (generally multiple hundreds to a few

thousands, depending on the cloning method used) in order to find

Fig. 2. Cell engineering strategies developed to improve productivity and glycosylation.
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those rare ones with stably integrated plasmid in highly transcription-

ally active chromatin regions (“hotspots”). Recently, several molecular

and cellular biology tools have been developed for targeted site gene

integration. This approach could eventually help biopharmaceutical

companies minimize the randomness of gene insertion and increase the

predictability for high transgene expression (Estes and Melville, 2014).

Although tremendous efforts are required to isolate a highly productive

and stable recombination host cell line compared to random integration

strategies, it remains a very attractive avenue that should help control

and predict the expression level of the daughter clones (Estes and

Melville, 2014). Since the transgene and selection marker are on the

same plasmid, their co-integration within the same chromatin region

increases the odds that good expression of the marker will also result in

good transgene expression. As first generation tools, several recombi-

nases have been used for targeted site approaches, among which the

Cre/Lox and the Flp/FRT were mostly utilized (Kito et al., 2002; Huang

et al., 2007; Kim et al., 2012). Recombination mediated cassette

exchange (RMCE) technology is attracting interest by the industry for

targeted gene insertion. It uses a site specific recombinase to exchange a

cassette flanked with heterospecific sequences in a plasmid with a

cassette flanked by identical sequences within the host genome. This

technology had good success in increasing the success rate and reducing

timelines for the generation of stable industrial-grade CHO cell lines

stably expressing monoclonal antibodies (Kito et al., 2002; Huang et al.,

2007; Zhang et al., 2015).

As second generation tools, different endonucleases have been

employed. This category includes zinc finger nucleases (ZFN), mega-

nucleases, transcription activators like effectors nucleases (TALEN) and

CRISPR/Cas9 (Durai et al., 2005; Porteus and Carroll 2005; Cabaniols

et al., 2010; Silva et al., 2011; Kim et al., 2012; Sanjana et al., 2012;

Cho et al., 2013; Sun and Zhao, 2013). These nucleases induce DNA

double-strand breaks at precise locations into the host genome, facil-

itating the integration of the cassette by non-homologous end-joining

(NHEJ) or homology-directed repair (HDR) (Gaj et al., 2013). Both ZFN

and TALEN technologies rely on the ability to customize a DNA-binding

domain for a specific sequence (the targeted sequence for cleavage)

combined to a nuclease effector domain. These nucleases are thus

dependant on the ability of developing a good DNA recognition motif,

with high specificity and affinity. Because the genome contains

numerous sequence repetitions or has highly homologous DNA se-

quences, efforts have been made in the last years to improve the off-

target effects and the specificity of these enzymes (Miller et al., 2007;

Szczepek et al., 2007; Guo et al., 2010; Doyon et al., 2011). As an

efficient alternative to these protein-based genome editing nucleases,

the CRISPR/Cas9 technology has just emerged. It relies on a RNA-

guided cleavage with a CRISPR RNA that will bind to a specific DNA

sequence (seed) combined with the Cas9 endonuclease (Wiedenheft

et al., 2012; Cho et al., 2013; Gaj et al., 2013). This technique has

already been validated in CHO cells and reduces the production

variability between clones (Lee et al., 2015b). ZFN, TALEN and

CRISPR/Cas9 technologies are however mostly used for gene-specific

knockout. The ZFN knockout approach was particularly successful for

specific deletion of the GS and the DHFR genes in CHO cells, thus

improving the selection stringency of the generated cell lines (Liu et al.,

2010). Further applications related to gene knockout for glycoprotein

production will be discussed in the glycoengineering section. Even if

these tools could prove very useful for site specific integration, one of

the key challenges is still to identify good hotspots in the host genome

that will allow good expression levels and stability (Zhang et al., 2015).

One should also keep in mind that such specific integration may not be

a one-size-fits-all approach as some therapeutic proteins may require a

particular level of expression to fold properly, or to acquire adequate

quality attributes (e.g. glycosylation, proteolytic processing, etc.)

Another, but less commonly used tool, is the mammalian artificial

chromosome expression (ACE) technology. This minigenome serves as

an autonomous genetic element that replicates with the cells. Its DNA

sequence is customizable with various regulating elements that could

possibly help for its expression (Lai et al., 2013; Estes and Melville

2014). It was shown to be effective for establishing CHO cell lines

producing respectable titers of monoclonal antibody (Lindenbaum

et al., 2004; Kennard et al., 2009; Kennard 2011). Fed-batch perfor-

mance and stability of ACE vs random integration systems have been

compared for IgG1 expression in CHO cells and have shown similar

performance (Combs et al., 2011). Also, the PiggyBac™ (System

Bioscience inc.) transposon system uses an efficient transposase purified

from the cabbage looper (Trichoplusia ni) to easily integrate the gene of

interest into the host genome (Ding et al., 2005). This approach has

recently shown improved yields for stable production of antibodies in

CHO cell lines (Rajendra et al., 2016).

Some cis-acting epigenetic regulatory elements have also been

developed to improve the production level and stability of the produ-

cing cell lines. These elements help remodelling the chromatin envir-

onment to maintain an active transcriptional state around the trans-

gene. One of the most frequently used cis-acting elements is the

scaffold/matrix attachment region (S/MAR). Many reports have shown

that including these MAR elements in expression vectors for recombi-

nant proteins could significantly improve the expression levels (for an

extensive review see (Harraghy et al., 2015)). However, conflicting

results in the literature have led to the conclusion that MAR activity

could be sequence-specific and is influenced by specific vector config-

uration (Harraghy et al., 2015). In recent years, development of

bioinformatic tools capable to predict the outcome of MAR sequences

helped to improve MAR elements (Girod et al., 2007; Harraghy et al.,

2012, 2015). Another class of epigenetic regulatory elements is the

ubiquitously acting chromatin opening elements (UCOEs). These se-

quences contain CpG rich islands found within the promoter regions of

housekeeping genes which confer an open chromatin state for transgene

expression. UCOEs were also found to be helpful for increasing the

productivity of recombinant protein cell lines (Benton et al., 2002; She

et al., 2009). The third class of epigenetic elements is the stabilizing and

anti-repressor (STAR) element. They were discovered by a genomic

screen of elements that would increase transgene expression. (Kwaks

et al., 2003; Sautter and Enenkel, 2005; Hoeksema et al., 2011; Van

Blokland et al., 2011; Harraghy et al., 2015). However, the use of STAR

elements has not been reported for industrial production.

Inclusion of these various epigenetic elements not only can help to

increase the expression level of biotherapeutics, but can also increase

the number of clones that have integrated the transgene with a more

defined copy number of transgene per cell, thus accelerating the

selection process (Grandjean et al., 2011; Harraghy et al., 2015). It

was also demonstrated that MAR and UCOE helped decrease the

variability of expression between the different clones and contributed

in maintaining an active transcriptional state for better transgene

expression (Williams et al., 2005; Galbete et al., 2009; Harraghy

et al., 2011). It has been shown that an UCOE can also prevent DNA

methylation of the CMV promoter region, thus preventing gene

expression silencing (Lindahl Allen and Antoniou, 2007; Zhang et al.,

2010a). Since most of these elements are composed of nucleosome

depleted regions, this could also contribute to the inhibition of the

propagation of an inactive chromatin state surrounding the transgene,

serving as genetic boundaries (Arope et al., 2013; Harraghy et al.,

2015).

3.3. Cell growth, proliferation and survival

Producing more proteins with fewer resources and in less time

remains a significant challenge when working with mammalian cell

expression systems. In this perspective, various tools and methods

focusing on cell growth, proliferation and survival have been tackled by

the biopharma industry and academia. Key aspects for the optimization

of cell growth and productivity certainly are the process parameters

(pH, temperature, mixing, etc.), as well as the media and the feeds
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composition. These media and feeds should maintain availability of key

nutrients and avoid accumulation of metabolites having negative

impact on the culture performance (see (Andersen et al., 2009) for

further details). However, the composition of most of the commercial

media and feeds are industrial trade secrets, rendering their optimiza-

tion resource-intensive. Beside media and feeds, numerous small

molecules have been identified from a chemical library that could

enhance protein production (Allen et al., 2008). Sodium butyrate (NaB)

and valproic acid (VPA) are often used in cell culture media. These

histone deacetylase inhibitors, by preserving histones acetylation,

reduce their interaction with DNA and helps maintain chromatin in

an open configuration, leading to enhanced or prolonged transgene

transcription. Addition of these chemicals has resulted in increased

productivity in numerous studies, especially in CHO cells (Durocher

and Butler, 2009; Yang et al., 2014). However, the use of these

inhibitors may also have undesired secondary effects, such as blocking

cell cycle or inducing apoptosis (Sung et al., 2004; Jiang and Sharfstein,

2008; Sunley and Butler, 2010). To attenuate these effects, optimization

of the addition timing and concentration has shown to be important

(Rodriguez et al., 2005). Moreover, combining these inhibitors with

mild hypothermia (30–32 °C) during production phase or with anti-

apoptosis cell engineering could also increase productivity (Kim and

Lee, 2000; Kim and Lee, 2002; Sung et al., 2007; Kim et al., 2009a;

Chen et al., 2011).

These hypothermia and anti-apoptosis strategies have been used to

extend cell survival of CHO cells and thus maximize productivity.

Indeed, simply using reduced temperature during protein production

phase in CHO cells significantly improved the yield of numerous model

proteins such as alkaline phosphatase, erythropoietin, interferon-gam-

ma and beta-interferon by slowing down cell cycle progression and

allowing cells to shift from a proliferative to a productive mode

(Kaufmann et al., 1998; Yoon et al., 2003; Fox et al., 2004; Ahn

et al., 2008; Sunley et al., 2008). This shift toward protein production

favors sustained nutrient availability and reduced secondary metabolite

accumulation. As for anti-apoptosis engineering, genes of the Bcl-2

family (Bcl-2, Bcl-xL and Mcl-1) were overexpressed in a variety of CHO

cell lines (Kim and Lee, 2000; Tey et al., 2000; Meents et al., 2002;

Chiang and Sisk, 2005; Kim et al., 2009b; Majors et al., 2009).

Oppositely, down-regulation of pro-apoptotic genes like Bax, Bak,

microRNA mir-mmu-miR-466h-5p and caspase-3,-7,-8 and −9 were

also tested (Kim and Lee, 2002; Sung et al., 2007; Yun et al., 2007; Cost

et al., 2010; Druz et al., 2013). All strategies resulted in increased

protein production. Successful apoptosis inhibition was also achieved

by overexpression of other related anti-apoptotic proteins (Durocher

and Butler, 2009; Bandaranayake and Almo, 2014). Although the

effects on cell longevity are clear in these studies, many conflicting

results regarding enhanced productivity with anti-apoptosis engineer-

ing have been reported (Kim et al., 2012).

Some engineering strategies rather rely on cell proliferation control.

For example, the E2F-1 cell cycle transcription factor overexpression

contributes to increase viable cell density in CHO batch cultures

(Majors et al., 2008). The CDKL3 gene insertion also accelerates cell

proliferation of 293 and CHO cells (Jaluria et al., 2007). Cell cycle

progression was also faster when using c-myc oncogene in CHO cells

(Kuystermans and Al-Rubeai, 2009). The mTOR pathway, involved in

cell proliferation, survival and translation has also been exploited. The

introduction of the mTOR gene in CHO cells resulted in increased cell

proliferation and productivity of therapeutic IgG, alkaline phosphatase

and α-amylase (Dreesen and Fussenegger, 2011). Moreover, chemical

manipulation of this pathway can also enhance glycoprotein produc-

tions in these cells (Dadehbeigi and Dickson, 2015). Furthermore,

overexpression of the mir-17 microRNA in CHO was shown to augment

cell proliferation speed, leading to higher Epo-Fc yield (Jadhav et al.,

2012).

3.4. Protein folding and secretion

Another limitation of glycoprotein production is the proper folding

of the desired biologics. As these proteins are being translated, they

travel through the endoplasmic reticulum (ER) and the Golgi for proper

glycosylation and folding before being secreted. It has been suggested

that translational and/or post-translational processes might also be

rate-limiting for protein production, because of the lack of correlation

between gene copy number and the amount of secreted proteins

(Wilson et al., 1990; Mohan et al., 2008). However, playing with the

level of ER proteins involved in the secretory pathway has shown mixed

results, depending of the expression system and/or the overexpressed

protein. Some reports have revealed positive effects in overexpressing

XBP-1 (X-box binding protein 1), a transcription factor regulating the

unfolded protein response (UPR) during ER stress (Iwakoshi et al.,

2003; Tigges and Fussenegger, 2006; Becker et al., 2008; Ku et al.,

2008). However there were no obvious benefit observed in stable CHO-

K1 cells expressing IFNy, EPO or a human mAb (Ku et al., 2008). Also,

in response to ER stress, cells normally attenuate their translational

machinery. ATF4, another critical transcription factor in the UPR

system, has been overexpressed to restore translation and enhance

levels of anti-thrombin III produced in CHO cells (Ohya et al., 2008).

This activation is made through the GADD34 protein, which recruits the

PP1 phosphatase responsible for eIF-2A translation initiation factor

dephosphorylation and activation. Similarly, GADD34 can also be

overexpressed in order to increase productivity of CHO cells (Omasa

et al., 2008). Additionally, secretory bottlenecks of CHO cells may be

relieved by overexpressing soluble N-ethylmaleimide-sensitive factor

attachment protein receptors (SNAREs). For example, by controlling

vesicle docking and fusion, expression of SNAP-23 and VAMP8 has been

shown to improve production of SEAP and monoclonal antibodies in

CHO-K1 cells (Peng et al., 2011). Similarly, overexpression of ceramide-

transfer protein (CERT) S132A mutant, which is responsible for the

transfer of ceramide from the ER to the Golgi and for sphingomyelin

synthesis, also improved production of t-PA, human serum albumin and

monoclonal antibodies in industrial cell lines (Florin et al., 2009;

Rahimpour et al., 2013). Likewise, signal recognition particle 14

(SRP14), which targets secreted proteins to the endoplasmic reticulum

membrane, enhanced productivity of recombinant IgG in CHO cells

when overexpressed (Lakkaraju et al., 2008; Le Fourn et al., 2014).

Chaperones play a key role in the folding process of nascent

proteins. They have been employed by many groups as cell engineering

tools but have given variable results (Mohan et al., 2008). The most

popular chaperone for CHO cell engineering is the protein disulfide

isomerase (PDI), which catalyzes the formation of disulfide bonds in

proteins. Its overexpression has shown positive results on productivity

in the case of monoclonal antibodies in both CHO cells and NS0 cells

(Smales et al., 2004; Mohan et al., 2007). However, other studies

observed either a negative or no effect on productivity(Mohan et al.,

2008). Similarly, the heavy chain-binding protein (BiP) chaperone gave

mixed results, with enhanced or decreased productivity (Mohan et al.,

2008). Moreover, overexpression of the endoplasmic-reticulum ERp57

protein, an isoform of PDI, together with calnexin/calreticulin was able

to increase thrombopoietin production in CHO cells (Mohan et al.,

2008). Overexpression of the Hsp27 and Hsp70 chaperones in CHO

cells also increased recombinant IFNγ production (Lee et al., 2009). To

explain such discrepancies between studies, it was recently determined

that CHOK1 hosts have larger endoplasmic reticulum and higher

mitochondrial mass compared to DUXB11-derived CHO cells (Hu

et al., 2013). Thus, these various and sometimes contradictory results

could be partly explained by the use of different CHO host strains.

Other cellular pathways have been engineered to sustain cell

productivity. Among these approaches, anti-autophagy engineering

and metabolic engineering have been used in order to optimize

recombinant protein production in mammalian cells (for a detailed

review on the topic see (Kim et al., 2012; Kim et al., 2013)). Yet, most of
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these strategies still need to prove their effectiveness and robustness for

increasing recombinant protein production in mammalian cells, espe-

cially at an industrial level.

4. Glycoengineering

As mentioned previously, the expression systems used for glycopro-

tein productions have significantly different glycosylation machineries.

Plants, yeasts and non-human cell lines can generate glycans that are

often absent from endogenous human proteins (see section 2). For

example, yeasts and insect cells can produce high-mannose or pauci-

mannose oligosaccharides, while plant cells introduce undesirable

α1,3-fucose and β1,2-xylose. Moreover, as opposed to human cells,

CHO and BHK cells do not express any α2,6-sialyltransferase activity

and can generate glycans with terminal Neu5Gc and α-gal. However,

both Neu5Gc and α-gal levels are significantly higher in murine cells

such as NS0 and Sp2/0, compared to hamster cells. To avoid any

potential immunogenic response, glycans present on biotherapeutic

proteins should be compatible for human hosts. Over the years, many

studies have helped elucidate the biological functions of protein

glycosylation. From these studies, specific glycosylation profiles have

been identified, which could increase stability and efficacy of ther-

apeutics. Consequently, several glycoengineering strategies have

emerged to recreate these beneficial profiles on recombinant proteins.

In particular, afucosylation and sialylation strategies are now popular

glycoengineering approaches for biologics.

4.1. Reducing fucosylation

It was reported that afucosylated Fc domain glycans of human IgG1

could enhance the binding to FcγRIIIa subtype receptors of natural

killer cells (Shields et al., 2002; Shinkawa et al., 2003; Niwa et al.,

2005; Iida et al., 2006; Subedi and Barb, 2016). Recently, the same

effect was observed for human IgG4 (Gong et al., 2016). This increased

affinity allows better therapeutic activity of Mabs used in cancer

therapy, by triggering the antibody-dependent-cell-mediated cytotoxi-

city (ADCC) pathway (Niwa et al., 2005; Iida et al., 2006; Chung et al.,

2012). Since mAbs represent by far the most important class of

therapeutic glycoproteins being manufactured, research towards devel-

opment of strategies to produce low or non-fucosylated Mab glycans

has intensified. As early strategies, CHO Lec13 cells and rat hybridoma

YB2/0 cells were employed, the former for its impaired synthesis of

GDP-fucose and the latter for its reduced expression level of the

fucosyltransferase FUT8 (Durocher and Butler, 2009). Since then, some

FUT8 knock-out CHO cell lines have been established and one is

currently available on the market for glycoprotein productions. The

first FUT8−/− cell line was created by sequential homologous recom-

bination (Yamane-Ohnuki et al., 2004). Recently, both ZFN and a

CRISPR/Cas9 approaches were also used for FUT8 gene-specific knock-

out (Malphettes et al., 2010; Ronda et al., 2014). Disruption of the

fucosyltransferase in these cell lines completely abolished the fucosyla-

tion on the Fc domain of IgG. Other methods to reduce the fucosylation

level of antibodies glycan were also examined. Since expression of the

β1,4-mannosyl-glycoprotein 4-β-N-acetylglucosaminyltransferase III

(GnTIII) blocks fucosylation, CHO cells were engineered with both

GnTIII and Golgi mannosidase II (ManII) for IgG production (Davies

et al., 2001; Ferrara et al., 2006). Others have tried to reduce the

fucosyltransferase level using siRNA (Imai-Nishiya et al., 2007).

Heterologous expression of the bacterial enzyme GDP-4-dehydro-6-

deoxy-D-mannose reductase (RMD) in CHO cells strongly reduced their

fucosylation capacity (von Horsten et al., 2010). Lastly, other expres-

sion systems have been used to produce non-fucosylated antibodies. For

example, a Pichia pastoris yeast strain was engineered to generate

human-like glycans but devoid of core-fucose (Choi et al., 2003;

Hamilton et al., 2006; Hamilton and Gerngross 2007). Consequently,

the anti-CS1 antibody produced with these cells is afucosylated and has

enhanced in vitro ADCC activity and in vivo anti-tumor activity

compared to the same antibody produced in HEK293 cells

(Gomathinayagam et al., 2015).

4.2. Increasing sialylation

Addition of terminal sialic acids on the glycans of protein ther-

apeutics helps to maintain them into the blood circulation by prevent-

ing their recognition by the asialoglycoprotein receptors highly ex-

pressed in liver hepatocytes. Thus, increasing the sialylation of proteins

may decrease the frequency of injection or the amount of therapeutic

protein used in a single dose. Therefore, it has become attractive for the

industry to produce proteins with optimal sialylation as it could

generate substantial savings and confer a therapeutical advantage for

the patients. Since the sialic acid pathway includes many steps, various

glycoengineering strategies have been elaborated in order to improve

sialylation of biologics. Some of these approaches are based on the

supplementation of cell culture media with different precursors of the

sialic acid pathway, such as CMP-sialic acid, ManNAc and NeuNAc, but

their effects are limited and still debated (Gu and Wang, 1998; Baker

et al., 2001; Hills et al., 2001; Bork et al., 2009; Hossler et al., 2009;

Wong et al., 2010; Kildegaard et al., 2016). Transient expression of

different sialylation machinery enzymes was also tested. A functional

analysis of 31 glycosyltransferases was even conduced for human EPO

glycosylation optimization in six different mammalian cell lines, where

enhanced expression of ST3GalII, ST3GalIV and ST6Gal1 could enhance

sialylation in HEK293, Cos-7, 3T3 and NSO cells (Zhang et al., 2010c).

Transient expression of ST6Gal1 in CHO and HEK293 cells also

increased the α2,6 sialylation of a trastuzumab F243A mutant antibody

(Raymond et al., 2012). Co-expression of ST6Gal1 and β4GalT1 in CHO

cells also significantly enhanced the sialylation level of the mutated

version of trastuzumab (Raymond et al., 2015). Co-expression of the

same enzymes in HEK293 also helped optimizing sialylation of human

Fc-IVIg (intravenous immunoglobulin), therefore enhancing its ther-

apeutic activity (Washburn et al., 2015). Finally, transient transfection

of the Chinese hamster ST6Gal1 gene in CHO cells expressing a

bispecific antibody, also considerably increased the level of α2,6

sialylation (Onitsuka et al., 2012).

As genome-editing strategies, the ST6Gal1 gene of the Chinese

hamster was also recently used in stable expression of different CHO

cell lines producing recombinant IgGs (Lin et al., 2015). Pools were

enriched based on FITC-labelled Sambucus Nigra (SNA) lectin staining, a

lectin which mainly recognizes terminal α2,6 sialic acid, and best

clones were selected based on their sialylation content. An engineered

CHO cell line stably expressing the human α2,3-sialyltransferase

ST3Gal3, the rat mutated GNE/MNK-R263L-R266Q glycosylation en-

zymes and the Chinese hamster CMP-sialic acid transporter was

successful in increasing tetra-sialylation of recombinant human EPO

(Son et al., 2011). As mentioned earlier, the silkworm hemolymph anti-

apoptotic protein 30Kc19 was shown to increase protein production

(Wang et al., 2011). A CHO cell line stably expressing both 30Kc19 and

human EPO showed that it could also significantly increase the EPO

sialylation (Wang et al., 2011). In an effort to characterize the

contributions of the various glycosylation enzymes in CHO-K1 cells,

knockouts of 19 glycosyltransferase genes were recently achieved and

EPO glycosylation was characterized to measure their impact (Yang

et al., 2015). This study revealed predominant roles for some enzymes

into CHO cells glycosylation pathway. Noteworthy, knockout of both

ST3gal4 and ST3gal6 genes affected sialylation. Additionally, the same

study presented a human ST6Gal1 knock-in experiment in ST3Gal4/6

knockout CHO cells, which resulted in considerable increase of α2,6

sialylation. Furthermore, to improve N-glycan homogeneity on ther-

apeutic proteins, a technique called “GlycoDelete” engineering was also

recently developed in HEK293S cells (Meuris et al., 2014). This system

consists of engineered 293SGnTI(−) cells stably expressing the cataly-

tic domain of endo-β-N-acetylglucosaminidase from the fungus Hypo-
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crea jecorina fused to the Golgi targeting domain of human ST6Gal1.

Using this expression system for transient anti-CD-20 production,

recombinant proteins had very short sialylated N-glycans with high

homogeneity on the Fc domain and reduced affinity to FcγRs compared

to proteins expressed in wild-type 293S. This reduced affinity might be

required to increase safety, for example in the context of neutralizing

antibodies used for inflammatory cytokine targeting (Lux et al., 2013).

Finally, there are also transgenic strategies to improve sialylation for

other expression systems. The tobacco plant Nicotiana benthamiana

expression system was genetically modified to carry the human-type

sialylation pathway and to generate mono- and disialylated structures

with α2,3 and α2,6 linkage (Kallolimath et al., 2016).

In order to increase glycoprotein sialylation levels, strategies to

inhibit sialidases have also been employed. The mammalian genomes

possess 4 sialidase genes or pseudogenes (depending on the specie)

which are expressed in various cellular compartments (Warner et al.,

1993; Ferrari et al., 1994; Zhang et al., 2010b). Many chemical

inhibitors have been synthesized to target these enzymes but their

use in large-scale bioprocess productions is still very limited due to

their elevated fabrication cost (Ferrari et al., 1998). Some attempts of

knocking down the different CHO sialidases by shRNA or siRNA also

improved the sialylation level of recombinant hIFNγ, particularly for

Neu2 and Neu3 sialidases (Ngantung et al., 2006; Zhang et al., 2010b).

Lastly, there are also in vitro glycoengineering platforms which aim

at optimizing the sialylation of therapeutics. Cst-II, a bacterial sialyl-

transferase that can catalyze α2,8 sialylation, allows efficient poly-

sialylation by the bacterial polysialyltransferase on recombinant alpha-

1-antitrypsin in vitro and this results in a significantly longer half-life in

mice, without affecting its specific activity (Lindhout et al., 2011).

Besides, in vitro galactosylation and sialylation of IgG1 Fc glycans did

not show any impact on ADCC activity but showed a slight improve-

ment of binding to FcγRIIa (Thomann et al., 2015).

5. The « Omics » perspective

The publication of the CHO-K1 genome sequence in 2011, followed

by the publication of two Chinese hamster and six CHO cell line

genomes in 2013, bring new opportunities in developing and engineer-

ing CHO cells for improved glycoprotein production (Xu et al., 2011;

Brinkrolf et al., 2013; Lewis et al., 2013). The biopharmaceutical

industry has entered the “omics” era, where systems biology is a

central concept (Kildegaard et al., 2013). Genomics, transcriptomics,

proteomics and metabolomics are now some examples of the available

tools to enhance protein production in CHO cell factories. Sequencing

of the CHO-K1 genome allowed the identification and positioning of

their genes and of most of human glycosylation-associated transcripts

(Xu et al., 2011). This information, combined with advances of in deep-

sequencing and genome-editing technologies such as ZFN or CRISP/

Cas9, now facilitate genome manipulations for cell engineering strate-

gies. As an example, CHO cells, where simultaneous disruption of FUT8,

BAX and BAK gene by CRISP/Cas9 was achieved and confirmed by deep

sequencing, showed increased resistance to apoptosis (Grav et al.,

2015). (For a detailed review of engineering strategies using the

CRISP/Cas9 technology for genome edition in CHO or human cell lines

see (Lee et al., 2015a). Moreover, these omics technologies will

certainly help for cGMP compliant processes and biomanufacturing,

as they will facilitate extensive characterization of engineered cell lines.

For example, deep-sequencing of knock out cell lines can now be

achieved to determine their exact sequence and to ensure their stability

in terms of genomic rearrangements (Kremkow and Lee, 2013).

In a next generation sequencing (NGS) study regrouping diverse

cDNA libraries from CHO cell lines, 29 000 transcripts were assembled,

which identified 13 187 mRNA transcripts (Becker et al., 2011).

Combined with previous NGS studies in various CHO cell lines, this

study was determinant in establishing the transcriptome profile of these

cells (Birzele et al., 2010; Jacob et al., 2010). So far, the analysis of

transcriptomic data has already helped finding chromosomal regions or

genes influencing cell productivity. Comparison of gene expression

profiles between high and low producing CHO clones allowed the

identification of a deletion in chromosome 8 telomeric region of the

cells correlating with higher productivity (Ritter et al., 2016b). The

C12orf35 gene comprised within this region seems to be responsible for

the phenotype (Ritter et al., 2016a). Moreover, with the help of

transcriptomic tools such as RNA-seq, microRNA expression profiles

of CHO cells are now available (Hackl et al., 2011; Johnson et al., 2011;

Hammond et al., 2012; Kozomara and Griffiths-Jones, 2014). With

growing evidence for their role in diverse biological processes, some

microRNA genes serve as novel targets for cell engineering strategies

(Muller et al., 2008; Jadhav et al., 2013). Higher recombinant protein

production was obtained when overexpressing the miR-7 gene in CHO

cells (Barron et al., 2011). CHO cell lines producing recombinant IgG

were also found to have decreased expression of miR-221 and miR-222

compared to their parental cell line DG44 (Lin et al., 2011). Also, as

discussed earlier, inhibition of the mmu-miR–466 h microRNA was

shown to increase apoptosis resistance of these cells (Druz et al., 2011;

Druz et al., 2013).

The CHO genomic sequence also contributed to a surge in proteomic

studies. A first large-scale proteomic analysis identified 6164 proteins

from both the proteome and glycoproteome of CHO‐K1 cells (Baycin-

Hizal et al., 2012). This multidimensional study also resolved the codon

frequency in these cells, which largely contributed to sequence

optimization of genes encoding recombinant proteins for this expres-

sion system. Moreover, combination of these proteomic data with

available transcriptomic data could elucidate the relative levels of the

different biological pathways found within CHO-K1 cells (Kildegaard

et al., 2013). Proteome analysis using SILAC (stable isotope labeling)

and iTRAQ (isobaric tags for relative and absolute quantification)

techniques are now widely used for biomarker identification in anti-

body-producing cells (Kildegaard et al., 2013). Such biomarkers con-

tribute in targeting specific proteins for cell line engineering. Using

iTRAQ, MCM2 and MCM5 helicases were identified as cell growth

markers in CHO cells (Carlage et al., 2012). Besides, chaperones BiP

and PDI were differentially expressed in stationary compared to

exponential phase in CHO cells overexpressing Bcl-xl (Carlage et al.,

2012). Furthermore, two-dimensional gel electrophoresis and mass

spectrometry techniques are both proteomic tools widely used to

identify changes in protein levels under precise experimental conditions

(see (Kim et al., 2012) for a detailed review). Together, these two

techniques will definitely contribute to the elaboration of cell engineer-

ing strategies. Indeed, comparison of proteomic profiles of fast vs slow

growing CHO clones has already identified the valosin-containing

protein (VCP) as a potential candidate for enhancement of cell growth

by cell engineering (Doolan et al., 2010). Other candidates will likely

come out of these analyses in the near future.

In addition to genomics, transcriptomics and proteomics tools,

metabolomics approaches are now used in order to optimize glycopro-

tein production in CHO cell lines. Recent advances in metabolite

quantification have allowed identification of cellular phenotypes under

specific experimental conditions (Sellick et al., 2011b). Nutrient

utilization and metabolic by-products accumulation are now easily

quantifiable and serve as read-outs to improve cell culture conditions.

Such tools have particularly contributed to the optimization of feeding

cocktails and culture media to increase recombinant glycoprotein

production and extend cellular growth (Sellick et al., 2011a; Zang

et al., 2011; Chong et al., 2012; Dietmair et al., 2012a; Mohmad-Saberi

et al., 2013). Moreover, new targets for cell engineering approaches can

be identified, based on metabolomics profiling. A bottleneck at the

malate dehydrogenase II (MDHII) level was characterized for the

tricarboxylic acid (TCA) cycle in CHO cells and pyruvate metabolism

was shown to vary between high producing and low producing anti-

CD20 CHO clones (Chong et al., 2010; Ghorbaniaghdam et al., 2014).

Finally, a multi-omics study combining transcriptomics and metabolo-
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mics data, identified variations in gene expression and in enzymatic

reactions during the transition from a parental HEK293 cell line to a

producer cell line (Dietmair et al., 2012b).

6. Conclusions and perspectives

Mammalian cell lines, in particular CHO cells, are now extensively

used for production of therapeutic glycoproteins by the biopharmaceu-

tical industry. These cells possess many advantages in terms of cell

culture and have the capacity to generate high titers. Over the years,

many cell engineering strategies were attempted in order to increase

such titers by optimizing selection markers, gene expression, cell

growth and proliferation or protein folding and secretion. Among those

engineered tools, CRISPR/Cas9 and RMCE technologies will largely

contribute to the advance of glycoprotein production in a near future.

Besides, glycoengineering strategies have been developed to reduce

fucosylation or increase sialylation of biologics. Improving the glyco-

sylation profile of biologics will definitively continue being a priority

for the industry in order to enhance their quality and bioactivity.

Furthermore, the “omics” revolution brings up new challenges, as

for scientists to integrate and analyze a tremendous amount of data.

Considerable efforts in data mining and in the development of modeling

tools will certainly be required. Yet, combining all “omics” data using

computational models will help broaden our understanding and

improve the various expression systems used by the biopharmaceutical

industry for glycoprotein production. These powerful tools will bring

valuable contribution to the advance of research and development in

biotechnology and lead to the next generation of cell factories.

Acknowledgements

M.-E. L. was supported by a CIHR (Canadian Institutes of Health

Research) fellowship.

This is NRC publication #NRC-HHT_53332.

References

Ahn, W.S., Jeon, J.J., Jeong, Y.R., Lee, S.J., Yoon, S.K., 2008. Effect of culture

temperature on erythropoietin production and glycosylation in a perfusion culture of

recombinant CHO cells. Biotechnol. Bioeng. 101, 1234–1244.

Allen, M.J., Boyce, J.P., Trentalange, M.T., Treiber, D.L., Rasmussen, B., Tillotson, B.,

Davis, R., Reddy, P., 2008. Identification of novel small molecule enhancers of

protein production by cultured mammalian cells. Biotechnol. Bioeng. 100,

1193–1204.

Andersen, M.R., Hyun Nam, J., Sharfstein, S.T., Flickinger, M.C., 2009. Protein

glycosylation: analysis, characterization, and engineering. Encyclopedia of Industrial

Biotechnology. John Wiley & Sons, Inc.

Arope, S., Harraghy, N., Pjanic, M., Mermod, N., 2013. Molecular characterization of a

human matrix attachment region epigenetic regulator. PLoS One 8, e79262.

Ashwell, G., Harford, J., 1982. Carbohydrate-specific receptors of the liver. Ann. Rev.

Biochem. 51, 531–554.

Baker, K.N., Rendall, M.H., Hills, A.E., Hoare, M., Freedman, R.B., James, D.C., 2001.

Metabolic control of recombinant protein N-glycan processing in NS0 and CHO cells.

Biotechnol. Bioeng. 73, 188–202.

Bakker, A.B., Python, C., Kissling, C.J., Pandya, P., Marissen, W.E., Brink, M.F.,

Lagerwerf, F., Worst, S., van Corven, E., Kostense, S., et al., 2008. First administration

to humans of a monoclonal antibody cocktail against rabies virus: safety, tolerability,

and neutralizing activity. Vaccine 26, 5922–5927.

Baldi, L., Hacker, D.L., Meerschman, C., Wurm, F.M., 2012. Large-scale transfection of

mammalian cells. Methods Mol. Biol. 801, 13–26.

Bandaranayake, A.D., Almo, S.C., 2014. Recent advances in mammalian protein

production. FEBS Lett. 588, 253–260.

Barnes, L.M., Bentley, C.M., Dickson, A.J., 2000. Advances in animal cell recombinant

protein production: GS-NS0 expression system. Cytotechnology 32, 109–123.

Barron, N., Kumar, N., Sanchez, N., Doolan, P., Clarke, C., Meleady, P., O'Sullivan, F.,

Clynes, M., 2011. Engineering CHO cell growth and recombinant protein productivity

by overexpression of miR-7. J. Biotechnol. 151, 204–211.

Baycin-Hizal, D., Tabb, D.L., Chaerkady, R., Chen, L., Lewis, N.E., Nagarajan, H., Sarkaria,

V., Kumar, A., Wolozny, D., Colao, J., et al., 2012. Proteomic analysis of Chinese

hamster ovary cells. J. Proteome Res. 11, 5265–5276.

Becker, E., Florin, L., Pfizenmaier, K., Kaufmann, H., 2008. An XBP-1 dependent bottle-

neck in production of IgG subtype antibodies in chemically defined serum-free

Chinese hamster ovary (CHO) fed-batch processes. J. Biotechnol. 135, 217–223.

Becker, J., Hackl, M., Rupp, O., Jakobi, T., Schneider, J., Szczepanowski, R., Bekel, T.,

Borth, N., Goesmann, A., Grillari, J., et al., 2011. Unraveling the Chinese hamster

ovary cell line transcriptome by next-generation sequencing. J. Biotechnol. 156,

227–235.

Behrens, F., Tak, P.P., Ostergaard, M., Stoilov, R., Wiland, P., Huizinga, T.W., Berenfus,

V.Y., Vladeva, S., Rech, J., Rubbert-Roth, A., et al., 2015. MOR103, a human

monoclonal antibody to granulocyte-macrophage colony-stimulating factor, in the

treatment of patients with moderate rheumatoid arthritis: results of a phase Ib/IIa

randomised, double-blind, placebo-controlled, dose-escalation trial. Ann. Rheum.

Dis. 74, 1058–1064.

Ben Turkia, H., Gonzalez, D.E., Barton, N.W., Zimran, A., Kabra, M., Lukina, E.A., Giraldo,

P., Kisinovsky, I., Bavdekar, A., Ben Dridi, M.F., et al., 2013. Velaglucerase alfa

enzyme replacement therapy compared with imiglucerase in patients with Gaucher

disease. Am. J. Hematol. 88, 179–184.

Benton, T., Chen, T., McEntee, M., Fox, B., King, D., Crombie, R., Thomas, T.C.,

Bebbington, C., 2002. The use of UCOE vectors in combination with a preadapted

serum free, suspension cell line allows for rapid production of large quantities of

protein. Cytotechnology 38, 43–46.

Berkner, K.L., 1993. Expression of recombinant vitamin K-dependent proteins in

mammalian cells: factors IX and VII. Methods Enzymol. 222, 450–477.

Birzele, F., Schaub, J., Rust, W., Clemens, C., Baum, P., Kaufmann, H., Weith, A., Schulz,

T.W., Hildebrandt, T., 2010. Into the unknown: expression profiling without genome

sequence information in CHO by next generation sequencing. Nucleic Acids Res. 38,

3999–4010.

Boeger, H., Bushnell, D.A., Davis, R., Griesenbeck, J., Lorch, Y., Strattan, J.S., Westover,

K.D., Kornberg, R.D., 2005. Structural basis of eukaryotic gene transcription. FEBS

Lett. 579, 899–903.

Bork, K., Horstkorte, R., Weidemann, W., 2009. Increasing the sialylation of therapeutic

glycoproteins: the potential of the sialic acid biosynthetic pathway. J. Pharm. Sci. 98,

3499–3508.

Bosques, C.J., Collins, B.E., Meador 3rd, J.W., Sarvaiya, H., Murphy, J.L., Dellorusso, G.,

Bulik, D.A., Hsu, I.H., Washburn, N., Sipsey, S.F., et al., 2010. Chinese hamster ovary

cells can produce galactose-alpha-1,3-galactose antigens on proteins. Nat. Biotechnol.

28, 1153–1156.

Brinkrolf, K., Rupp, O., Laux, H., Kollin, F., Ernst, W., Linke, B., Kofler, R., Romand, S.,

Hesse, F., Budach, W.E., et al., 2013. Chinese hamster genome sequenced from sorted

chromosomes. Nat. Biotechnol. 31, 694–695.

Butler, M., Spearman, M., 2014. The choice of mammalian cell host and possibilities for

glycosylation engineering. Curr. Opin. Biotechnol. 30, 107–112.

Cabaniols, J.P., Ouvry, C., Lamamy, V., Fery, I., Craplet, M.L., Moulharat, N., Guenin,

S.P., Bedut, S., Nosjean, O., Ferry, G., et al., 2010. Meganuclease-driven targeted

integration in CHO-K1 cells for the fast generation of HTS-compatible cell-based

assays. J. Biomol. Screen. 15, 956–967.

Carlage, T., Kshirsagar, R., Zang, L., Janakiraman, V., Hincapie, M., Lyubarskaya, Y.,

Weiskopf, A., Hancock, W.S., 2012. Analysis of dynamic changes in the proteome of a

Bcl-XL overexpressing Chinese hamster ovary cell culture during exponential and

stationary phases. Biotechnol. Prog. 28, 814–823.

Casademunt, E., Martinelle, K., Jernberg, M., Winge, S., Tiemeyer, M., Biesert, L., Knaub,

S., Walter, O., Schroder, C., 2012. The first recombinant human coagulation factor

VIII of human origin: human cell line and manufacturing characteristics. Eur. J.

Haematol. 89, 165–176.

Chahal, P., Durocher, Y., Kamen, A., 2011. Cell transfection. In: Butler, M., Webb, C.,

Moreira, A., Moo-Young, M., Grodzinski, B., Cui, Z.F., Agathos, S. (Eds.),

Comprehensive Biotechnology. Elsevier Science & Technology.

Chen, F., Kou, T., Fan, L., Zhou, Y., Ye, Z., Zhao, L., Tan, W.-S., 2011. The combined effect

of sodium butyrate and low culture temperature on the production, sialylation, and

biological activity of an antibody produced in CHO cells. Biotechnol. Bioproc. E. 16,

1157–1165.

Chiang, G.G., Sisk, W.P., 2005. Bcl-x(L) mediates increased production of humanized

monoclonal antibodies in Chinese hamster ovary cells. Biotechnol. Bioeng. 91,

779–792.

Cho, M.S., Yee, H., Brown, C., Mei, B., Mirenda, C., Chan, S., 2003. Versatile expression

system for rapid and stable production of recombinant proteins. Biotechnol. Prog. 19,

229–232.

Cho, S.W., Kim, S., Kim, J.M., Kim, J.S., 2013. Targeted genome engineering in human

cells with the Cas9 RNA-guided endonuclease. Nat. Biotechnol. 31, 230–232.

Choi, B.K., Bobrowicz, P., Davidson, R.C., Hamilton, S.R., Kung, D.H., Li, H., Miele, R.G.,

Nett, J.H., Wildt, S., Gerngross, T.U., 2003. Use of combinatorial genetic libraries to

humanize N-linked glycosylation in the yeast Pichia pastoris. Proc. Natl. Acad. Sci. U.

S. A. 100, 5022–5027.

Chong, W.P., Reddy, S.G., Yusufi, F.N., Lee, D.Y., Wong, N.S., Heng, C.K., Yap, M.G., Ho,

Y.S., 2010. Metabolomics-driven approach for the improvement of Chinese hamster

ovary cell growth: overexpression of malate dehydrogenase II. J. Biotechnol. 147,

116–121.

Chong, W.P., Thng, S.H., Hiu, A.P., Lee, D.Y., Chan, E.C., Ho, Y.S., 2012. LC-MS-based

metabolic characterization of high monoclonal antibody-producing Chinese hamster

ovary cells. Biotechnol. Bioeng. 109, 3103–3111.

Chung, C.H., Mirakhur, B., Chan, E., Le, Q.T., Berlin, J., Morse, M., Murphy, B.A.,

Satinover, S.M., Hosen, J., Mauro, D., et al., 2008. Cetuximab-induced anaphylaxis

and IgE specific for galactose-alpha-1,3-galactose. N. Engl. J. Med. 358, 1109–1117.

Chung, S., Quarmby, V., Gao, X., Ying, Y., Lin, L., Reed, C., Fong, C., Lau, W., Qiu, Z.J.,

Shen, A., et al., 2012. Quantitative evaluation of fucose reducing effects in a

humanized antibody on Fcgamma receptor binding and antibody-dependent cell-

mediated cytotoxicity activities. MAbs 4, 326–340.

Combs, R.G., Yu, E., Roe, S., Piatchek, M.B., Jones, H.L., Mott, J., Kennard, M.L., Goosney,

D.L., Monteith, D., 2011. Fed-batch bioreactor performance and cell line stability

evaluation of the artificial chromosome expression technology expressing an IgG1 in

M.-E. Lalonde, Y. Durocher Journal of Biotechnology 251 (2017) 128–140

136

http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0005
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0005
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0005
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0010
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0010
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0010
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0010
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0015
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0015
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0015
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0020
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0020
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0025
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0025
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0030
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0030
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0030
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0040
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0040
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0045
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0045
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0050
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0050
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0060
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0060
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0060
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0065
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0065
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0065
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0070
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0070
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0070
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0070
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0090
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0090
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0095
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0095
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0095
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0095
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0100
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0100
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0100
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0105
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0105
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0105
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0110
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0110
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0110
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0110
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0115
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0115
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0115
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0120
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0120
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0125
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0125
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0125
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0125
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0130
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0130
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0130
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0130
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0135
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0135
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0135
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0135
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0140
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0140
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0140
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0145
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0145
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0145
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0145
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0150
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0150
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0150
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0155
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0155
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0155
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0160
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0160
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0170
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0170
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0170
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0170
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0175
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0175
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0175
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0180
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0180
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0180
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0190
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0190
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0190


Chinese hamster ovary cells. Biotechnol. Prog. 27, 201–208.

Cost, G.J., Freyvert, Y., Vafiadis, A., Santiago, Y., Miller, J.C., Rebar, E., Collingwood,

T.N., Snowden, A., Gregory, P.D., 2010. BAK and BAX deletion using zinc-finger

nucleases yields apoptosis-resistant CHO cells. Biotechnol. Bioeng. 105, 330–340.

Costa, A.R., Rodrigues, M.E., Henriques, M., Melton, D., Cunnah, P., Oliveira, R., Azeredo,

J., 2012. Evaluation of the OSCAR system for the production of monoclonal

antibodies by CHO-K1 cells. Int. J. Pharm. 430, 42–46.

Cox, K.M., Sterling, J.D., Regan, J.T., Gasdaska, J.R., Frantz, K.K., Peele, C.G., Black, A.,

Passmore, D., Moldovan-Loomis, C., Srinivasan, M., et al., 2006. Glycan optimization

of a human monoclonal antibody in the aquatic plant Lemna minor. Nat. Biotechnol.

24, 1591–1597.

Cox, M.M., 2012. Recombinant protein vaccines produced in insect cells. Vaccine 30,

1759–1766.

Dadehbeigi, N., Dickson, A.J., 2015. Chemical manipulation of the mTORC1 pathway in

industrially relevant CHOK1 cells enhances production of therapeutic proteins.

Biotechnol. J. 10, 1041–1050.

Daramola, O., Stevenson, J., Dean, G., Hatton, D., Pettman, G., Holmes, W., Field, R.,

2014. A high-yielding CHO transient system: coexpression of genes encoding EBNA-1

and GS enhances transient protein expression. Biotechnol. Prog. 30, 132–141.

Davies, J., Jiang, L., Pan, L.Z., LaBarre, M.J., Anderson, D., Reff, M., 2001. Expression of

GnTIII in a recombinant anti-CD20 CHO production cell line: expression of antibodies

with altered glycoforms leads to an increase in ADCC through higher affinity for FC

gamma RIII. Biotechnol. Bioeng. 74, 288–294.

Dean, N., 1999. Asparagine-linked glycosylation in the yeast Golgi. Biochim. Biophys.

Acta 1426, 309–322.

Demasi, M.A., de, S.M.E., Bowman-Colin, C., Lojudice, F.H., Muras, A., Sogayar, M.C.,

2016. Enhanced proteolytic processing of recombinant human coagulation factor VIII

B-Domain variants by recombinant furins. Mol. Biotechnol. 58, 404–414.

Dietmair, S., Hodson, M.P., Quek, L.E., Timmins, N.E., Chrysanthopoulos, P., Jacob, S.S.,

Gray, P., Nielsen, L.K., 2012a. Metabolite profiling of CHO cells with different growth

characteristics. Biotechnol. Bioeng. 109, 1404–1414.

Dietmair, S., Hodson, M.P., Quek, L.E., Timmins, N.E., Gray, P., Nielsen, L.K., 2012b. A

multi-omics analysis of recombinant protein production in Hek293 cells. PLoS One 7,

e43394.

Ding, S., Wu, X., Li, G., Han, M., Zhuang, Y., Xu, T., 2005. Efficient transposition of the

piggyBac (PB) transposon in mammalian cells and mice. Cell 122, 473–483.

Doolan, P., Meleady, P., Barron, N., Henry, M., Gallagher, R., Gammell, P., Melville, M.,

Sinacore, M., McCarthy, K., Leonard, M., et al., 2010. Microarray and proteomics

expression profiling identifies several candidates, including the valosin-containing

protein (VCP), involved in regulating high cellular growth rate in production CHO

cell lines. Biotechnol. Bioeng. 106, 42–56.

Doyon, Y., Vo, T.D., Mendel, M.C., Greenberg, S.G., Wang, J., Xia, D.F., Miller, J.C.,

Urnov, F.D., Gregory, P.D., Holmes, M.C., 2011. Enhancing zinc-finger-nuclease

activity with improved obligate heterodimeric architectures. Nat. Methods 8, 74–79.

Dreesen, I.A., Fussenegger, M., 2011. Ectopic expression of human mTOR increases

viability, robustness, cell size, proliferation, and antibody production of chinese

hamster ovary cells. Biotechnol. Bioeng. 108, 853–866.

Druz, A., Chu, C., Majors, B., Santuary, R., Betenbaugh, M., Shiloach, J., 2011. A novel

microRNA mmu-miR-466 h affects apoptosis regulation in mammalian cells.

Biotechnol. Bioeng. 108, 1651–1661.

Druz, A., Son, Y.J., Betenbaugh, M., Shiloach, J., 2013. Stable inhibition of mmu-miR-

466h-5p improves apoptosis resistance and protein production in CHO cells. Metab.

Eng. 16, 87–94.

Dumont, J., Euwart, D., Mei, B., Estes, S., Kshirsagar, R., 2015. Human cell lines for

biopharmaceutical manufacturing: history, status, and future perspectives. Crit. Rev.

Biotechnol. 1–13.

Durai, S., Mani, M., Kandavelou, K., Wu, J., Porteus, M.H., Chandrasegaran, S., 2005. Zinc

finger nucleases: custom-designed molecular scissors for genome engineering of plant

and mammalian cells. Nucleic Acids Res. 33, 5978–5990.

Durocher, Y., Butler, M., 2009. Expression systems for therapeutic glycoprotein

production. Curr. Opin. Biotechnol. 20, 700–707.

Enjolras, N., Dargaud, Y., Perot, E., Guillaume, F., Becchi, M., Negrier, C., 2012. Human

hepatoma cell line HuH-7 is an effective cellular system to produce recombinant

factor IX with improved post-translational modifications. Thromb. Res. 130,

e266–273.

Estes, S., Melville, M., 2014. Mammalian cell line developments in speed and efficiency.

Adv. Biochem. Eng. Biotechnol. 139, 11–33.

FDA, 2013. FDA Approves New Seasonal Influenza Vaccine Made Using Novel

Technology.

FDA, 2016. Biological License Application Approvals.

Fan, L., Frye, C.C., Racher, A.J., 2013. The use of glutamine synthetase as a selection

marker: recent advances in Chinese hamster ovary cell line generation processes.

Pharmaceutical Bioprocessing 1, 487–502.

Ferrara, C., Brunker, P., Suter, T., Moser, S., Puntener, U., Umana, P., 2006. Modulation of

therapeutic antibody effector functions by glycosylation engineering: influence of

Golgi enzyme localization domain and co-expression of heterologous beta1, 4-N-

acetylglucosaminyltransferase III and Golgi alpha-mannosidase II. Biotechnol.

Bioeng. 93, 851–861.

Ferrari, J., Harris, R., Warner, T.G., 1994. Cloning and expression of a soluble sialidase

from Chinese hamster ovary cells: sequence alignment similarities to bacterial

sialidases. Glycobiology 4, 367–373.

Ferrari, J., Gunson, J., Lofgren, J., Krummen, L., Warner, T.G., 1998. Chinese hamster

ovary cells with constitutively expressed sialidase antisense RNA produce

recombinant DNase in batch culture with increased sialic acid. Biotechnol. Bioeng.

60, 589–595.

Fischer, B.E., Schlokat, U., Mitterer, A., Reiter, M., Mundt, W., Turecek, P.L., Schwarz,

H.P., Dorner, F., 1995. Structural analysis of recombinant von Willebrand factor

produced at industrial scale fermentation of transformed CHO cells co-expressing

recombinant furin. FEBS Lett. 375, 259–262.

Florin, L., Pegel, A., Becker, E., Hausser, A., Olayioye, M.A., Kaufmann, H., 2009.

Heterologous expression of the lipid transfer protein CERT increases therapeutic

protein productivity of mammalian cells. J. Biotechnol. 141, 84–90.

Fox, S.R., Patel, U.A., Yap, M.G., Wang, D.I., 2004. Maximizing interferon-gamma

production by Chinese hamster ovary cells through temperature shift optimization:

experimental and modeling. Biotechnol. Bioeng. 85, 177–184.

Gaj, T., Gersbach, C.A., Barbas 3rd, C.F., 2013. ZFN, TALEN, and CRISPR/Cas-based

methods for genome engineering. Trends Biotechnol. 31, 397–405.

Galbete, J.L., Buceta, M., Mermod, N., 2009. MAR elements regulate the probability of

epigenetic switching between active and inactive gene expression. Mol. Biosyst. 5,

143–150.

Galili, U., Rachmilewitz, E.A., Peleg, A., Flechner, I., 1984. A unique natural human IgG

antibody with anti-alpha-galactosyl specificity. J. Exp. Med. 160, 1519–1531.

Geisse, S., 2009. Reflections on more than 10 years of TGE approaches. Protein Expr.

Purif. 64, 99–107.

Gemmill, T.R., Trimble, R.B., 1999. Overview of N- and O-linked oligosaccharide

structures found in various yeast species. Biochim. Biophys. Acta 1426, 227–237.

Gerngross, T.U., 2004. Advances in the production of human therapeutic proteins in

yeasts and filamentous fungi. Nat. Biotechnol. 22, 1409–1414.

Ghaderi, D., Taylor, R.E., Padler-Karavani, V., Diaz, S., Varki, A., 2010. Implications of

the presence of N-glycolylneuraminic acid in recombinant therapeutic glycoproteins.

Nat. Biotechnol. 28, 863–867.

Ghaderi, D., Zhang, M., Hurtado-Ziola, N., Varki, A., 2012. Production platforms for

biotherapeutic glycoproteins. Occurrence impact, and challenges of non-human

sialylation. Biotechnol. Genet. Eng. Rev. 28, 147–175.

Ghorbaniaghdam, A., Chen, J., Henry, O., Jolicoeur, M., 2014. Analyzing clonal variation

of monoclonal antibody-producing CHO cell lines using an in silico metabolomic

platform. PLoS One 9, e90832.

Girod, P.A., Nguyen, D.Q., Calabrese, D., Puttini, S., Grandjean, M., Martinet, D.,

Regamey, A., Saugy, D., Beckmann, J.S., Bucher, P., et al., 2007. Genome-wide

prediction of matrix attachment regions that increase gene expression in mammalian

cells. Nat. Methods 4, 747–753.

Gomathinayagam, S., Laface, D., Houston-Cummings, N.R., Mangadu, R., Moore, R.,

Shandil, I., Sharkey, N., Li, H., Stadheim, T.A., Zha, D., 2015. In vivo anti-tumor

efficacy of afucosylated anti-CS1 monoclonal antibody produced in glycoengineered

Pichia pastoris. J. Biotechnol. 208, 13–21.

Gong, Q., Hazen, M., Marshall, B., Crowell, S.R., Ou, Q., Wong, A.W., Phung, W., Vernes,

J.M., Meng, Y.G., Tejada, M., et al., 2016. Increased in vivo effector function of

human IgG4 isotype antibodies through afucosylation. MAbs 8, 1098–1106.

Graham, F.L., Smiley, J., Russell, W.C., Nairn, R., 1977. Characteristics of a human cell

line transformed by DNA from human adenovirus type 5. J. Gen. Virol. 36, 59–74.

Grandjean, M., Girod, P.A., Calabrese, D., Kostyrko, K., Wicht, M., Yerly, F., Mazza, C.,

Beckmann, J.S., Martinet, D., Mermod, N., 2011. High-level transgene expression by

homologous recombination-mediated gene transfer. Nucleic Acids Res. 39, e104.

Graumann, K., Premstaller, A., 2006. Manufacturing of recombinant therapeutic proteins

in microbial systems. Biotechnol. J. 1, 164–186.

Grav, L.M., Lee, J.S., Gerling, S., Kallehauge, T.B., Hansen, A.H., Kol, S., Lee, G.M.,

Pedersen, L.E., Kildegaard, H.F., 2015. One-step generation of triple knockout CHO

cell lines using CRISPR/Cas9 and fluorescent enrichment. Biotechnol. J. 10,

1446–1456.

Gu, X., Wang, D.I., 1998. Improvement of interferon-gamma sialylation in Chinese

hamster ovary cell culture by feeding of N-acetylmannosamine. Biotechnol. Bioeng.

58, 642–648.

Guo, J., Gaj, T., Barbas 3rd, C.F., 2010. Directed evolution of an enhanced and highly

efficient FokI cleavage domain for zinc finger nucleases. J. Mol. Biol. 400, 96–107.

Hackl, M., Jakobi, T., Blom, J., Doppmeier, D., Brinkrolf, K., Szczepanowski, R., Bernhart,

S.H., Honer Zu Siederdissen, C., Bort, J.A., Wieser, M., et al., 2011. Next-generation

sequencing of the Chinese hamster ovary microRNA transcriptome: identification,

annotation and profiling of microRNAs as targets for cellular engineering. J.

Biotechnol. 153, 62–75.

Hamilton, S.R., Gerngross, T.U., 2007. Glycosylation engineering in yeast: the advent of

fully humanized yeast. Curr. Opin. Biotechnol. 18, 387–392.

Hamilton, S.R., Davidson, R.C., Sethuraman, N., Nett, J.H., Jiang, Y., Rios, S., Bobrowicz,

P., Stadheim, T.A., Li, H., Choi, B.K., et al., 2006. Humanization of yeast to produce

complex terminally sialylated glycoproteins. Science 313, 1441–1443.

Hammond, S., Swanberg, J.C., Polson, S.W., Lee, K.H., 2012. Profiling conserved

microRNA expression in recombinant CHO cell lines using Illumina sequencing.

Biotechnol. Bioeng. 109, 1371–1375.

Harraghy, N., Regamey, A., Girod, P.A., Mermod, N., 2011. Identification of a potent MAR

element from the mouse genome and assessment of its activity in stable and transient

transfections. J. Biotechnol. 154, 11–20.

Harraghy, N., Buceta, M., Regamey, A., Girod, P.A., Mermod, N., 2012. Using matrix

attachment regions to improve recombinant protein production. Methods Mol. Biol.

801, 93–110.

Harraghy, N., Calabrese, D., Fisch, I., Girod, P.A., LeFourn, V., Regamey, A., Mermod, N.,

2015. Epigenetic regulatory elements: recent advances in understanding their mode

of action and use for recombinant protein production in mammalian cells. Biotechnol.

J. 10, 967–978.

Havenga, M.J., Holterman, L., Melis, I., Smits, S., Kaspers, J., Heemskerk, E., van der

Vlugt, R., Koldijk, M., Schouten, G.J., Hateboer, G., et al., 2008. Serum-free transient

protein production system based on adenoviral vector and PER.C6 technology: high

yield and preserved bioactivity. Biotechnol. Bioeng. 100, 273–283.

Hills, A.E., Patel, A., Boyd, P., James, D.C., 2001. Metabolic control of recombinant

M.-E. Lalonde, Y. Durocher Journal of Biotechnology 251 (2017) 128–140

137

http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0190
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0195
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0195
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0195
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0200
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0200
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0200
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0205
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0205
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0205
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0205
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0210
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0210
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0215
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0215
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0215
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0220
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0220
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0220
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0225
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0225
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0225
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0225
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0230
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0230
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0235
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0235
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0235
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0240
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0240
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0240
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0245
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0245
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0245
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0250
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0250
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0260
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0260
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0260
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0265
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0265
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0265
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0270
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0270
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0270
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0275
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0275
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0275
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0280
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0280
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0280
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0285
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0285
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0285
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0290
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0290
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0295
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0295
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0295
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0295
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0300
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0300
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0305
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0305
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0310
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0315
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0315
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0315
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0320
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0320
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0320
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0320
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0320
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0325
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0325
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0325
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0330
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0330
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0330
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0330
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0335
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0335
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0335
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0335
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0340
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0340
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0340
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0345
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0345
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0345
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0350
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0350
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0355
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0355
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0355
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0360
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0360
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0365
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0365
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0370
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0370
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0375
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0375
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0380
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0380
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0380
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0385
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0385
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0385
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0390
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0390
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0390
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0395
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0395
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0395
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0395
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0400
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0400
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0400
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0400
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0405
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0405
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0405
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0410
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0410
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0415
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0415
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0415
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0420
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0420
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0425
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0425
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0425
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0425
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0430
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0430
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0430
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0435
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0435
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0440
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0440
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0440
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0440
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0440
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0445
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0445
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0450
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0450
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0450
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0455
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0455
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0455
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0460
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0460
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0460
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0465
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0465
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0465
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0470
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0470
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0470
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0470
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0475
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0475
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0475
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0475
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0480


monoclonal antibody N-glycosylation in GS-NS0 cells. Biotechnol. Bioeng. 75,

239–251.

Hoeksema, F., van Blokland, R., Siep, M., Hamer, K., Siersma, T., den Blaauwen, J.,

Verhees, J., Otte, A.P., 2011. The use of a stringent selection system allows the

identification of DNA elements that augment gene expression. Mol. Biotechnol. 48,

19–29.

Hossler, P., Khattak, S.F., Li, Z.J., 2009. Optimal and consistent protein glycosylation in

mammalian cell culture. Glycobiology 19, 936–949.

Hu, Z., Guo, D., Yip, S.S.M., Zhan, D., Misaghi, S., Joly, J.C., Snedecor, B.R., Shen, A.Y.,

2013. Chinese hamster ovary K1 host cell enables stable cell line development for

antibody molecules which are difficult to express in DUXB11-derived dihydrofolate

reductase deficient host cell. Biotechnol. Progr. 29, 980–985.

Huang, Y., Li, Y., Wang, Y.G., Gu, X., Wang, Y., Shen, B.F., 2007. An efficient and targeted

gene integration system for high-level antibody expression. J. Immunol. Methods

322, 28–39.

Iida, S., Misaka, H., Inoue, M., Shibata, M., Nakano, R., Yamane-Ohnuki, N., Wakitani, M.,

Yano, K., Shitara, K., Satoh, M., 2006. Nonfucosylated therapeutic IgG1 antibody can

evade the inhibitory effect of serum immunoglobulin G on antibody-dependent

cellular cytotoxicity through its high binding to FcgammaRIIIa. Clin. Cancer Res. 12,

2879–2887.

Imai-Nishiya, H., Mori, K., Inoue, M., Wakitani, M., Iida, S., Shitara, K., Satoh, M., 2007.

Double knockdown of alpha1,6-fucosyltransferase (FUT8) and GDP-mannose 4,6-

dehydratase (GMD) in antibody-producing cells: a new strategy for generating fully

non-fucosylated therapeutic antibodies with enhanced ADCC. BMC Biotechnol. 7, 84.

Ishaque, A., Thrift, J., Murphy, J.E., Konstantinov, K., 2007. Over-expression of Hsp70 in

BHK-21 cells engineered to produce recombinant factor VIII promotes resistance to

apoptosis and enhances secretion. Biotechnol. Bioeng. 97, 144–155.

Iwakoshi, N.N., Lee, A.H., Vallabhajosyula, P., Otipoby, K.L., Rajewsky, K., Glimcher,

L.H., 2003. Plasma cell differentiation and the unfolded protein response intersect at

the transcription factor XBP-1. Nat. Immunol. 4, 321–329.

Jacob, N.M., Kantardjieff, A., Yusufi, F.N., Retzel, E.F., Mulukutla, B.C., Chuah, S.H., Yap,

M., Hu, W.S., 2010. Reaching the depth of the Chinese hamster ovary cell

transcriptome. Biotechnol. Bioeng. 105, 1002–1009.

Jadhav, V., Hackl, M., Bort, J.A., Wieser, M., Harreither, E., Kunert, R., Borth, N., Grillari,

J., 2012. A screening method to assess biological effects of microRNA overexpression

in Chinese hamster ovary cells. Biotechnol. Bioeng. 109, 1376–1385.

Jadhav, V., Hackl, M., Druz, A., Shridhar, S., Chung, C.Y., Heffner, K.M., Kreil, D.P.,

Betenbaugh, M., Shiloach, J., Barron, N., et al., 2013. CHO microRNA engineering is

growing up: recent successes and future challenges. Biotechnol. Adv. 31, 1501–1513.

Jaluria, P., Betenbaugh, M., Konstantopoulos, K., Shiloach, J., 2007. Enhancement of cell

proliferation in various mammalian cell lines by gene insertion of a cyclin-dependent

kinase homolog. BMC Biotechnol. 7, 71.

Jefferis, R., 2016a. Glyco-engineering of human IgG-Fc to modulate biologic activities.

Curr. Pharm. Biotechnol. 15, 1333–1347.

Jefferis, R., 2016b. Posttranslational modifications and the immunogenicity of

biotherapeutics. J. Immunol. Res. 2016, 5358272.

Jiang, Z., Sharfstein, S.T., 2008. Sodium butyrate stimulates monoclonal antibody over-

expression in CHO cells by improving gene accessibility. Biotechnol. Bioeng. 100,

189–194.

Johnson, K.C., Jacob, N.M., Nissom, P.M., Hackl, M., Lee, L.H., Yap, M., Hu, W.S., 2011.

Conserved microRNAs in Chinese hamster ovary cell lines. Biotechnol. Bioeng. 108,

475–480.

Jones, D., Kroos, N., Anema, R., van Montfort, B., Vooys, A., van der Kraats, S., van der

Helm, E., Smits, S., Schouten, J., Brouwer, K., et al., 2003. High-level expression of

recombinant IgG in the human cell line per.c6. Biotechnol. Prog. 19, 163–168.

Kallolimath, S., Castilho, A., Strasser, R., Grunwald-Gruber, C., Altmann, F., Strubl, S.,

Galuska, C.E., Zlatina, K., Galuska, S.P., Werner, S., et al., 2016. Engineering of

complex protein sialylation in plants. Proc. Natl. Acad. Sci. U. S. A. 113, 9498–9503.

Kannicht, C., Ramstrom, M., Kohla, G., Tiemeyer, M., Casademunt, E., Walter, O.,

Sandberg, H., 2013. Characterisation of the post-translational modifications of a

novel, human cell line-derived recombinant human factor VIII. Thromb. Res. 131,

78–88.

Karg, S.R., Frey, A.D., Ferrara, C., Streich, D.K., Umana, P., Kallio, P.T., 2009. A small-

scale method for the preparation of plant N-linked glycans from soluble proteins for

analysis by MALDI-TOF mass spectrometry. Plant Physiol. Biochem. 47, 160–166.

Kaufmann, P., Mandinov, L., Frielingsdorf, J., Hess, O.M., 1998. Influence of the culprit

lesion on clinical symptoms of coronary artery disease, with special emphasis on

exercise data. Coron. Artery Dis. 9, 185–190.

Kennard, M.L., Goosney, D.L., Monteith, D., Zhang, L., Moffat, M., Fischer, D., Mott, J.,

2009. The generation of stable, high MAb expressing CHO cell lines based on the

artificial chromosome expression (ACE) technology. Biotechnol. Bioeng. 104,

540–553.

Kennard, M.L., 2011. Engineered mammalian chromosomes in cellular protein

production: future prospects. Methods Mol. Biol. 738, 217–238.

Kildegaard, H.F., Baycin-Hizal, D., Lewis, N.E., Betenbaugh, M.J., 2013. The emerging

CHO systems biology era: harnessing the ‘omics revolution for biotechnology. Curr.

Opin. Biotechnol. 24, 1102–1107.

Kildegaard, H.F., Fan, Y., Sen, J.W., Larsen, B., Andersen, M.R., 2016. Glycoprofiling

effects of media additives on IgG produced by CHO cells in fed-batch bioreactors.

Biotechnol. Bioeng. 113, 359–366.

Kim, N.S., Lee, G.M., 2000. Overexpression of bcl-2 inhibits sodium butyrate-induced

apoptosis in Chinese hamster ovary cells resulting in enhanced humanized antibody

production. Biotechnol. Bioeng. 71, 184–193.

Kim, N.S., Lee, G.M., 2002. Inhibition of sodium butyrate-induced apoptosis in

recombinant Chinese hamster ovary cells by constitutively expressing antisense RNA

of caspase-3. Biotechnol. Bioeng. 78, 217–228.

Kim, Y.G., Kim, J.Y., Lee, G.M., 2009a. Effect of XIAP overexpression on sodium butyrate-

induced apoptosis in recombinant Chinese hamster ovary cells producing

erythropoietin. J. Biotechnol. 144, 299–303.

Kim, Y.G., Kim, J.Y., Mohan, C., Lee, G.M., 2009b. Effect of Bcl-xL overexpression on

apoptosis and autophagy in recombinant Chinese hamster ovary cells under nutrient-

deprived condition. Biotechnol. Bioeng. 103, 757–766.

Kim, J.Y., Kim, Y.G., Lee, G.M., 2012. CHO cells in biotechnology for production of

recombinant proteins: current state and further potential. Appl. Microbiol.

Biotechnol. 93, 917–930.

Kim, Y.J., Baek, E., Lee, J.S., Lee, G.M., 2013. Autophagy and its implication in Chinese

hamster ovary cell culture. Biotechnol. Lett. 35, 1753–1763.

Kito, M., Itami, S., Fukano, Y., Yamana, K., Shibui, T., 2002. Construction of engineered

CHO strains for high-level production of recombinant proteins. Appl. Microbiol.

Biotechnol. 60, 442–448.

Kling, J., 2009. First US approval for a transgenic animal drug. Nat. Biotechnol. 27,

302–304.

Kost, T.A., Condreay, J.P., Jarvis, D.L., 2005. Baculovirus as versatile vectors for protein

expression in insect and mammalian cells. Nat. Biotechnol. 23, 567–575.

Kozomara, A., Griffiths-Jones, S., 2014. miRBase: annotating high confidence microRNAs

using deep sequencing data. Nucleic Acids Res. 42, D68–73.

Kremkow, B., Lee, K.H., 2013. Next-generation sequencing technologies and their

potential impact on CHO cell-based biomanufacturing. Pharm. Bioproces. 1,

455–465.

Ku, S.C., Ng, D.T., Yap, M.G., Chao, S.H., 2008. Effects of overexpression of X-box binding

protein 1 on recombinant protein production in Chinese hamster ovary and NS0

myeloma cells. Biotechnol. Bioeng. 99, 155–164.

Kumar, S.R., 2015. Industrial production of clotting factors: challenges of expression, and

choice of host cells. Biotechnol. J. 10, 995–1004.

Kuriakose, A., Chirmule, N., Nair, P., 2016. Immunogenicity of biotherapeutics: causes

and association with posttranslational modifications. J. Immunol. Res. 2016,

1298473.

Kuystermans, D., Al-Rubeai, M., 2009. cMyc increases cell number through uncoupling of

cell division from cell size in CHO cells. BMC Biotechnol. 9, 76.

Kwaks, T.H., Barnett, P., Hemrika, W., Siersma, T., Sewalt, R.G., Satijn, D.P., Brons, J.F.,

van Blokland, R., Kwakman, P., Kruckeberg, A.L., et al., 2003. Identification of anti-

repressor elements that confer high and stable protein production in mammalian

cells. Nat. Biotechnol. 21, 553–558.

Lai, T., Yang, Y., Ng, S.K., 2013. Advances in Mammalian cell line development

technologies for recombinant protein production. Pharmaceuticals (Basel) 6,

579–603.

Lakkaraju, A.K., Mary, C., Scherrer, A., Johnson, A.E., Strub, K., 2008. SRP keeps

polypeptides translocation-competent by slowing translation to match limiting ER-

targeting sites. Cell 133, 440–451.

Le Fourn, V., Girod, P.A., Buceta, M., Regamey, A., Mermod, N., 2014. CHO cell

engineering to prevent polypeptide aggregation and improve therapeutic protein

secretion. Metab. Eng. 21, 91–102.

Lee, Y.Y., Wong, K.T., Tan, J., Toh, P.C., Mao, Y., Brusic, V., Yap, M.G., 2009.

Overexpression of heat shock proteins (HSPs) in CHO cells for extended culture

viability and improved recombinant protein production. J. Biotechnol. 143, 34–43.

Lee, J.S., Grav, L.M., Lewis, N.E., Faustrup Kildegaard, H., 2015a. CRISPR/Cas9-mediated

genome engineering of CHO cell factories: application and perspectives. Biotechnol.

J. 10, 979–994.

Lee, J.S., Kallehauge, T.B., Pedersen, L.E., Kildegaard, H.F., 2015b. Site-specific

integration in CHO cells mediated by CRISPR/Cas9 and homology-directed DNA

repair pathway. Sci. Rep. 5, 8572.

Lewis, N.E., Liu, X., Li, Y., Nagarajan, H., Yerganian, G., O'Brien, E., Bordbar, A., Roth,

A.M., Rosenbloom, J., Bian, C., et al., 2013. Genomic landscapes of Chinese hamster

ovary cell lines as revealed by the Cricetulus griseus draft genome. Nat. Biotechnol.

31, 759–765.

Lin, N., Davis, A., Bahr, S., Borgschulte, T., Achtien, K., Kayser, K., 2011. Profiling highly

conserved microrna expression in recombinant IgG-producing and parental Chinese

hamster ovary cells. Biotechnol. Prog. 27, 1163–1171.

Lin, N., Mascarenhas, J., Sealover, N.R., George, H.J., Brooks, J., Kayser, K.J., Gau, B.,

Yasa, I., Azadi, P., Archer-Hartmann, S., 2015. Chinese hamster ovary (CHO) host cell

engineering to increase sialylation of recombinant therapeutic proteins by

modulating sialyltransferase expression. Biotechnol. Prog. 31, 334–346.

Lindahl Allen, M., Antoniou, M., 2007. Correlation of DNA methylation with histone

modifications across the HNRPA2B1-CBX3 ubiquitously-acting chromatin open

element (UCOE). Epigenetics 2, 227–236.

Lindenbaum, M., Perkins, E., Csonka, E., Fleming, E., Garcia, L., Greene, A., Gung, L.,

Hadlaczky, G., Lee, E., Leung, J., et al., 2004. A mammalian artificial chromosome

engineering system (ACE System) applicable to biopharmaceutical protein

production, transgenesis and gene-based cell therapy. Nucleic Acids Res. 32, e172.

Lindhout, T., Iqbal, U., Willis, L.M., Reid, A.N., Li, J., Liu, X., Moreno, M., Wakarchuk,

W.W., 2011. Site-specific enzymatic polysialylation of therapeutic proteins using

bacterial enzymes. Proc. Natl. Acad. Sci. U. S. A. 108, 7397–7402.

Liu, P.Q., Chan, E.M., Cost, G.J., Zhang, L., Wang, J., Miller, J.C., Guschin, D.Y., Reik, A.,

Holmes, M.C., Mott, J.E., et al., 2010. Generation of a triple-gene knockout

mammalian cell line using engineered zinc-finger nucleases. Biotechnol. Bioeng. 106,

97–105.

Liu, J., Jonebring, A., Hagstrom, J., Nystrom, A.C., Lovgren, A., 2014. Improved

expression of recombinant human factor IX by co-expression of GGCX, VKOR and

furin. Protein J. 33, 174–183.

Llop, E., Gutierrez-Gallego, R., Segura, J., Mallorqui, J., Pascual, J.A., 2008. Structural

analysis of the glycosylation of gene-activated erythropoietin (epoetin delta,

Dynepo). Anal. Biochem. 383, 243–254.

M.-E. Lalonde, Y. Durocher Journal of Biotechnology 251 (2017) 128–140

138

http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0480
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0480
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0485
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0485
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0485
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0485
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0490
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0490
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0495
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0495
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0495
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0495
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0500
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0500
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0500
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0505
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0505
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0505
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0505
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0505
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0510
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0510
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0510
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0510
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0515
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0515
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0515
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0520
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0520
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0520
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0525
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0525
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0525
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0530
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0530
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0530
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0535
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0535
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0535
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0540
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0540
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0540
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0545
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0545
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0550
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0550
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0555
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0555
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0555
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0560
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0560
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0560
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0565
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0565
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0565
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0570
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0570
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0570
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0575
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0575
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0575
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0575
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0580
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0580
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0580
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0585
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0585
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0585
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0590
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0590
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0590
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0590
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0595
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0595
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0600
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0600
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0600
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0605
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0605
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0605
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0610
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0610
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0610
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0615
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0615
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0615
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0620
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0620
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0620
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0625
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0625
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0625
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0630
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0630
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0630
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0635
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0635
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0640
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0640
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0640
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0645
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0645
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0650
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0650
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0655
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0655
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0660
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0660
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0660
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0665
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0665
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0665
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0670
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0670
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0675
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0675
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0675
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0680
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0680
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0685
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0685
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0685
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0685
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0690
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0690
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0690
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0695
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0695
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0695
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0700
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0700
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0700
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0705
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0705
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0705
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0710
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0710
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0710
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0715
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0715
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0715
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0720
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0720
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0720
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0720
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0725
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0725
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0725
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0730
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0730
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0730
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0730
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0735
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0735
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0735
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0740
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0740
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0740
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0740
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0745
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0745
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0745
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0750
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0750
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0750
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0750
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0755
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0755
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0755
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0760
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0760
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0760


Lux, A., Yu, X., Scanlan, C.N., Nimmerjahn, F., 2013. Impact of immune complex size and

glycosylation on IgG binding to human FcgammaRs. J. Immunol. 190, 4315–4323.

Macher, B.A., Galili, U., 2008. The Galalpha1,3Galbeta1,4GlcNAc-R (alpha-Gal) epitope:

a carbohydrate of unique evolution and clinical relevance. Biochim. Biophys. Acta

1780, 75–88.

Majors, B.S., Arden, N., Oyler, G.A., Chiang, G.G., Pederson, N.E., Betenbaugh, M.J.,

2008. E2F-1 overexpression increases viable cell density in batch cultures of Chinese

hamster ovary cells. J. Biotechnol. 138, 103–106.

Majors, B.S., Betenbaugh, M.J., Pederson, N.E., Chiang, G.G., 2009. Mcl-1 overexpression

leads to higher viabilities and increased production of humanized monoclonal

antibody in Chinese hamster ovary cells. Biotechnol. Prog. 25, 1161–1168.

Malphettes, L., Freyvert, Y., Chang, J., Liu, P.Q., Chan, E., Miller, J.C., Zhou, Z., Nguyen,

T., Tsai, C., Snowden, A.W., et al., 2010. Highly efficient deletion of FUT8 in CHO cell

lines using zinc-finger nucleases yields cells that produce completely nonfucosylated

antibodies. Biotechnol. Bioeng. 106, 774–783.

Marissen, W.E., Kramer, R.A., Rice, A., Weldon, W.C., Niezgoda, M., Faber, M., Slootstra,

J.W., Meloen, R.H., Clijsters-van der Horst, M., Visser, T.J., et al., 2005. Novel rabies

virus-neutralizing epitope recognized by human monoclonal antibody: fine mapping

and escape mutant analysis. J. Virol. 79, 4672–4678.

McCue, J., Osborne, D., Dumont, J., Peters, R., Mei, B., Pierce, G.F., Kobayashi, K.,

Euwart, D., 2014. Validation of the manufacturing process used to produce long-

acting recombinant factor IX Fc fusion protein. Haemophilia 20, e327–335.

McCue, J., Kshirsagar, R., Selvitelli, K., Lu, Q., Zhang, M., Mei, B., Peters, R., Pierce, G.F.,

Dumont, J., Raso, S., et al., 2015. Manufacturing process used to produce long-acting

recombinant factor VIII Fc fusion protein. Biol.: J. Int. Assoc. Biol. Stand. 43,

213–219.

Meents, H., Enenkel, B., Eppenberger, H.M., Werner, R.G., Fussenegger, M., 2002. Impact

of coexpression and coamplification of sICAM and antiapoptosis determinants bcl-2/

bcl-x(L) on productivity, cell survival, and mitochondria number in CHO-DG44

grown in suspension and serum-free media. Biotechnol. Bioeng. 80, 706–716.

Melton, D.W., Ketchen, A.M., Kind, A.J., McEwan, C., Paisley, D., Selfridge, J., 2001. A

one-step gene amplification system for use in cultured mammalian cells and

transgenic animals. Transgenic Res. 10, 133–142.

Meuris, L., Santens, F., Elson, G., Festjens, N., Boone, M., Dos Santos, A., Devos, S.,

Rousseau, F., Plets, E., Houthuys, E., et al., 2014. GlycoDelete engineering of

mammalian cells simplifies N-glycosylation of recombinant proteins. Nat. Biotechnol.

32, 485–489.

Miller, J.C., Holmes, M.C., Wang, J., Guschin, D.Y., Lee, Y.L., Rupniewski, I., Beausejour,

C.M., Waite, A.J., Wang, N.S., Kim, K.A., et al., 2007. An improved zinc-finger

nuclease architecture for highly specific genome editing. Nat. Biotechnol. 25,

778–785.

Misaki, R., Fujiyama, K., Seki, T., 2006. Expression of human CMP-N-acetylneuraminic

acid synthetase and CMP-sialic acid transporter in tobacco suspension-cultured cell.

Biochem. Biophys. Res. Commun. 339, 1184–1189.

Mohan, C., Park, S.H., Chung, J.Y., Lee, G.M., 2007. Effect of doxycycline-regulated

protein disulfide isomerase expression on the specific productivity of recombinant

CHO cells: thrombopoietin and antibody. Biotechnol. Bioeng. 98, 611–615.

Mohan, C., Kim, Y.G., Koo, J., Lee, G.M., 2008. Assessment of cell engineering strategies

for improved therapeutic protein production in CHO cells. Biotechnol. J. 3, 624–630.

Mohmad-Saberi, S.E., Hashim, Y.Z., Mel, M., Amid, A., Ahmad-Raus, R., Packeer-

Mohamed, V., 2013. Metabolomics profiling of extracellular metabolites in CHO-K1

cells cultured in different types of growth media. Cytotechnology 65, 577–586.

Moran, N., 2010. Shire's replacement enzymes validate gene activation. Nat. Biotechnol.

28, 1139–1140.

Muller, D., Katinger, H., Grillari, J., 2008. MicroRNAs as targets for engineering of CHO

cell factories. Trends Biotechnol. 26, 359–365.

Ngantung, F.A., Miller, P.G., Brushett, F.R., Tang, G.L., Wang, D.I., 2006. RNA

interference of sialidase improves glycoprotein sialic acid content consistency.

Biotechnol. Bioeng. 95, 106–119.

Nivitchanyong, T., Martinez, A., Ishaque, A., Murphy, J.E., Konstantinov, K., Betenbaugh,

M.J., Thrift, J., 2007. Anti-apoptotic genes Aven and E1B-19 K enhance performance

of BHK cells engineered to express recombinant factor VIII in batch and low perfusion

cell culture. Biotechnol. Bioeng. 98, 825–841.

Niwa, R., Sakurada, M., Kobayashi, Y., Uehara, A., Matsushima, K., Ueda, R., Nakamura,

K., Shitara, K., 2005. Enhanced natural killer cell binding and activation by low-

fucose IgG1 antibody results in potent antibody-dependent cellular cytotoxicity

induction at lower antigen density. Clin. Cancer Res. 11, 2327–2336.

Noguchi, A., Mukuria, C.J., Suzuki, E., Naiki, M., 1995. Immunogenicity of N-

glycolylneuraminic acid-containing carbohydrate chains of recombinant human

erythropoietin expressed in Chinese hamster ovary cells. J. Biochem. 117, 59–62.

Ohya, T., Hayashi, T., Kiyama, E., Nishii, H., Miki, H., Kobayashi, K., Honda, K., Omasa,

T., Ohtake, H., 2008. Improved production of recombinant human antithrombin III in

Chinese hamster ovary cells by ATF4 overexpression. Biotechnol. Bioeng. 100,

317–324.

Omasa, T., Takami, T., Ohya, T., Kiyama, E., Hayashi, T., Nishii, H., Miki, H., Kobayashi,

K., Honda, K., Ohtake, H., 2008. Overexpression of GADD34 enhances production of

recombinant human antithrombin III in Chinese hamster ovary cells. J. Biosci.

Bioeng. 106, 568–573.

Onitsuka, M., Kim, W.D., Ozaki, H., Kawaguchi, A., Honda, K., Kajiura, H., Fujiyama, K.,

Asano, R., Kumagai, I., Ohtake, H., et al., 2012. Enhancement of sialylation on

humanized IgG-like bispecific antibody by overexpression of alpha2,6-

sialyltransferase derived from Chinese hamster ovary cells. Appl. Microbiol.

Biotechnol. 94, 69–80.

Ozturk, S., Hu, W.S., 2005. Cell Culture Technology for Pharmaceutical and Cell-Based

Therapies. CRC Press.

Paccalet, T., Bardor, M., Rihouey, C., Delmas, F., Chevalier, C., D'Aoust, M.A., Faye, L.,

Vezina, L., Gomord, V., Lerouge, P., 2007. Engineering of a sialic acid synthesis

pathway in transgenic plants by expression of bacterial Neu5Ac-synthesizing

enzymes. Plant Biotechnol. J. 5, 16–25.

Padler-Karavani, V., Varki, A., 2011. Potential impact of the non-human sialic acid N-

glycolylneuraminic acid on transplant rejection risk. Xenotransplantation 18, 1–5.

Padler-Karavani, V., Yu, H., Cao, H., Chokhawala, H., Karp, F., Varki, N., Chen, X., Varki,

A., 2008. Diversity in specificity, abundance, and composition of anti-Neu5Gc

antibodies in normal humans: potential implications for disease. Glycobiology 18,

818–830.

Patnaik, S.K., Stanley, P., 2006. Lectin-resistant CHO glycosylation mutants. Methods

Enzymol. 416, 159–182.

Peng, R.W., Abellan, E., Fussenegger, M., 2011. Differential effect of exocytic SNAREs on

the production of recombinant proteins in mammalian cells. Biotechnol. Bioeng. 108,

611–620.

Peters, R.T., Toby, G., Lu, Q., Liu, T., Kulman, J.D., Low, S.C., Bitonti, A.J., Pierce, G.F.,

2013. Biochemical and functional characterization of a recombinant monomeric

factor VIII-Fc fusion protein. J. Thrombosis Haemostasis: JTH 11, 132–141.

Pham, P.L., Kamen, A., Durocher, Y., 2006. Large-Scale transfection of mammalian cells

for the fast production of recombinant protein. Mol. Biotechnol. 34, 225–237.

Picanco-Castro, V., Biaggio, R.T., Cova, D.T., Swiech, K., 2013. Production of

recombinant therapeutic proteins in human cells: current achievements and future

perspectives. Protein Pept. Lett. 20, 1373–1381.

Porteus, M.H., Carroll, D., 2005. Gene targeting using zinc finger nucleases. Nat.

Biotechnol. 23, 967–973.

Powell, J.S., Josephson, N.C., Quon, D., Ragni, M.V., Cheng, G., Li, E., Jiang, H., Li, L.,

Dumont, J.A., Goyal, J., et al., 2012. Safety and prolonged activity of recombinant

factor VIII Fc fusion protein in hemophilia A patients. Blood 119, 3031–3037.

Rahimpour, A., Vaziri, B., Moazzami, R., Nematollahi, L., Barkhordari, F., Kokabee, L.,

Adeli, A., Mahboudi, F., 2013. Engineering the cellular protein secretory pathway for

enhancement of recombinant tissue plasminogen activator expression in Chinese

hamster ovary cells: effects of CERT and XBP1 s genes. J. Microbiol. Biotechnol. 23,

1116–1122.

Rajendra, Y., Peery, R.B., Barnard, G.C., 2016. Generation of stable Chinese hamster

ovary pools yielding antibody titers of up to 7. 6 g/L using the piggyBac transposon

system. Biotechnol. Prog. 32, 1301–1307.

Rasheed, S., Nelson-Rees, W.A., Toth, E.M., Arnstein, P., Gardner, M.B., 1974.

Characterization of a newly derived human sarcoma cell line (HT-1080). Cancer 33,

1027–1033.

Raymond, C., Robotham, A., Kelly, J., Lattová, E., Perreault, H., Durocher, Y., 2012.

Production of highly sialylated monoclonal antibodies. In: Petrescu, D.S. (Ed.),

Glycosylation. InTech, pp. 397–418.

Raymond, C., Robotham, A., Spearman, M., Butler, M., Kelly, J., Durocher, Y., 2015.

Production of alpha2,6-sialylated IgG1 in CHO cells. MAbs 7, 571–583.

Rehemtulla, A., Roth, D.A., Wasley, L.C., Kuliopulos, A., Walsh, C.T., Furie, B., Furie, B.C.,

Kaufman, R.J., 1993. In vitro and in vivo functional characterization of bovine

vitamin K-dependent gamma-carboxylase expressed in Chinese hamster ovary cells.

Proc. Natl. Acad. Sci. U. S. A. 90, 4611–4615.

Rita Costa, A., Elisa Rodrigues, M., Henriques, M., Azeredo, J., Oliveira, R., 2010.

Guidelines to cell engineering for monoclonal antibody production. Eur. J. Pharm.

Biopharm. 74, 127–138.

Ritter, A., Rauschert, T., Oertli, M., Piehlmaier, D., Mantas, P., Kuntzelmann, G., Lageyre,

N., Brannetti, B., Voedisch, B., Geisse, S., et al., 2016a. Disruption of the gene

C12orf35 leads to increased productivities in recombinant CHO cell lines. Biotechnol.

Bioeng. 113, 2433–2442.

Ritter, A., Voedisch, B., Wienberg, J., Wilms, B., Geisse, S., Jostock, T., Laux, H., 2016b.

Deletion of a telomeric region on chromosome 8 correlates with higher productivity

and stability of CHO cell lines. Biotechnol. Bioeng. 113, 1084–1093.

Rodriguez, J., Spearman, M., Huzel, N., Butler, M., 2005. Enhanced production of

monomeric interferon-beta by CHO cells through the control of culture conditions.

Biotechnol. Prog. 21, 22–30.

Ronda, C., Pedersen, L.E., Hansen, H.G., Kallehauge, T.B., Betenbaugh, M.J., Nielsen,

A.T., Kildegaard, H.F., 2014. Accelerating genome editing in CHO cells using CRISPR

Cas9 and CRISPy, a web-based target finding tool. Biotechnol. Bioeng. 111,

1604–1616.

Rosser, M.P., Xia, W., Hartsell, S., McCaman, M., Zhu, Y., Wang, S., Harvey, S.,

Bringmann, P., Cobb, R.R., 2005. Transient transfection of CHO-K1-S using serum-

free medium in suspension: a rapid mammalian protein expression system. Protein

Expr. Purif. 40, 237–243.

Runkel, L., Meier, W., Pepinsky, R.B., Karpusas, M., Whitty, A., Kimball, K., Brickelmaier,

M., Muldowney, C., Jones, W., Goelz, S.E., 1998. Structural and functional

differences between glycosylated and non-glycosylated forms of human interferon-

beta (IFN-beta). Pharm. Res. 15, 641–649.

Sanjana, N.E., Cong, L., Zhou, Y., Cunniff, M.M., Feng, G., Zhang, F., 2012. A transcription

activator-like effector toolbox for genome engineering. Nat. Protoc. 7, 171–192.

Sathyamurthy, M., Kim, C.L., Bang, Y.L., Kim, Y.S., Jang, J.W., Lee, G.M., 2015.

Characterization and expression of proprotein convertases in CHO cells: efficient

proteolytic maturation of human bone morphogenetic protein-7. Biotechnol. Bioeng.

112, 560–568.

Sautter, K., Enenkel, B., 2005. Selection of high-producing CHO cells using NPT selection

marker with reduced enzyme activity. Biotechnol. Bioeng. 89, 530–538.

Schahs, M., Strasser, R., Stadlmann, J., Kunert, R., Rademacher, T., Steinkellner, H., 2007.

Production of a monoclonal antibody in plants with a humanized N-glycosylation

pattern. Plant Biotechnol. J. 5, 657–663.

Schiedner, G., Hertel, S., Bialek, C., Kewes, H., Waschutza, G., Volpers, C., 2008. Efficient

and reproducible generation of high-expressing, stable human cell lines without need

for antibiotic selection. BMC Biotechnol. 8, 13.

M.-E. Lalonde, Y. Durocher Journal of Biotechnology 251 (2017) 128–140

139

http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0765
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0765
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0770
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0770
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0770
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0775
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0775
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0775
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0780
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0780
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0780
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0785
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0785
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0785
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0785
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0790
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0790
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0790
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0790
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0795
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0795
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0795
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0800
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0800
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0800
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0800
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0805
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0805
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0805
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0805
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0810
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0810
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0810
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0815
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0815
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0815
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0815
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0820
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0820
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0820
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0820
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0825
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0825
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0825
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0830
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0830
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0830
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0835
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0835
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0840
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0840
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0840
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0845
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0845
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0850
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0850
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0855
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0855
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0855
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0860
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0860
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0860
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0860
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0865
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0865
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0865
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0865
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0870
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0870
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0870
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0875
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0875
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0875
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0875
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0880
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0880
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0880
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0880
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0885
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0885
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0885
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0885
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0885
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0890
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0890
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0895
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0895
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0895
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0895
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0900
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0900
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0905
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0905
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0905
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0905
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0910
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0910
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0915
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0915
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0915
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0920
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0920
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0920
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0925
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0925
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0930
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0930
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0930
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0935
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0935
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0940
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0940
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0940
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0945
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0945
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0945
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0945
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0945
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0950
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0950
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0950
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0955
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0955
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0955
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0960
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0960
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0960
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0965
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0965
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0970
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0970
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0970
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0970
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0975
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0975
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0975
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0980
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0980
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0980
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0980
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0985
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0985
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0985
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0990
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0990
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0990
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0995
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0995
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0995
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref0995
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1000
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1000
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1000
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1000
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1005
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1005
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1005
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1005
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1010
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1010
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1015
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1015
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1015
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1015
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1020
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1020
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1025
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1025
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1025
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1030
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1030
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1030


Sellick, C.A., Croxford, A.S., Maqsood, A.R., Stephens, G., Westerhoff, H.V., Goodacre, R.,

Dickson, A.J., 2011a. Metabolite profiling of recombinant CHO cells: designing

tailored feeding regimes that enhance recombinant antibody production. Biotechnol.

Bioeng. 108, 3025–3031.

Sellick, C.A., Hansen, R., Stephens, G.M., Goodacre, R., Dickson, A.J., 2011b. Metabolite

extraction from suspension-cultured mammalian cells for global metabolite profiling.

Nat. Protoc. 6, 1241–1249.

She, X., Rohl, C.A., Castle, J.C., Kulkarni, A.V., Johnson, J.M., Chen, R., 2009. Definition,

conservation and epigenetics of housekeeping and tissue-enriched genes. BMC

Genomics 10, 269.

Shields, R.L., Lai, J., Keck, R., O'Connell, L.Y., Hong, K., Meng, Y.G., Weikert, S.H., Presta,

L.G., 2002. Lack of fucose on human IgG1 N-linked oligosaccharide improves binding

to human Fcgamma RIII and antibody-dependent cellular toxicity. J. Biol. Chem. 277,

26733–26740.

Shinkawa, T., Nakamura, K., Yamane, N., Shoji-Hosaka, E., Kanda, Y., Sakurada, M.,

Uchida, K., Anazawa, H., Satoh, M., Yamasaki, M., et al., 2003. The absence of fucose

but not the presence of galactose or bisecting N-acetylglucosamine of human IgG1

complex-type oligosaccharides shows the critical role of enhancing antibody-

dependent cellular cytotoxicity. J. Biol. Chem. 278, 3466–3473.

Silva, G., Poirot, L., Galetto, R., Smith, J., Montoya, G., Duchateau, P., Paques, F., 2011.

Meganucleases and other tools for targeted genome engineering: perspectives and

challenges for gene therapy. Curr. Gene Ther. 11, 11–27.

Smales, C.M., Dinnis, D.M., Stansfield, S.H., Alete, D., Sage, E.A., Birch, J.R., Racher, A.J.,

Marshall, C.T., James, D.C., 2004. Comparative proteomic analysis of GS-NS0 murine

myeloma cell lines with varying recombinant monoclonal antibody production rate.

Biotechnol. Bioeng. 88, 474–488.

Son, Y.D., Jeong, Y.T., Park, S.Y., Kim, J.H., 2011. Enhanced sialylation of recombinant

human erythropoietin in Chinese hamster ovary cells by combinatorial engineering of

selected genes. Glycobiology 21, 1019–1028.

Soukharev, S., Hammond, D., Ananyeva, N.M., Anderson, J.A., Hauser, C.A., Pipe, S.,

Saenko, E.L., 2002. Expression of factor VIII in recombinant and transgenic systems.

Blood Cells. Mol. Dis. 28, 234–248.

Sourrouille, C., Marquet-Blouin, E., D'Aoust, M.A., Kiefer-Meyer, M.C., Seveno, M., Pagny-

Salehabadi, S., Bardor, M., Durambur, G., Lerouge, P., Vezina, L., et al., 2008. Down-

regulated expression of plant-specific glycoepitopes in alfalfa. Plant Biotechnol. J. 6,

702–721.

Strasser, R., Stadlmann, J., Schahs, M., Stiegler, G., Quendler, H., Mach, L., Glossl, J.,

Weterings, K., Pabst, M., Steinkellner, H., 2008. Generation of glyco-engineered

Nicotiana benthamiana for the production of monoclonal antibodies with a

homogeneous human-like N-glycan structure. Plant Biotechnol. J. 6, 392–402.

Subedi, G.P., Barb, A.W., 2016. The immunoglobulin G1 N-glycan composition affects

binding to each low affinity Fc gamma receptor. MAbs 8, 1512–1524.

Sun, N., Zhao, H., 2013. Transcription activator-like effector nucleases (TALENs): a highly

efficient and versatile tool for genome editing. Biotechnol. Bioeng. 110, 1811–1821.

Sung, Y.H., Song, Y.J., Lim, S.W., Chung, J.Y., Lee, G.M., 2004. Effect of sodium butyrate

on the production, heterogeneity and biological activity of human thrombopoietin by

recombinant Chinese hamster ovary cells. J. Biotechnol. 112, 323–335.

Sung, Y.H., Lee, J.S., Park, S.H., Koo, J., Lee, G.M., 2007. Influence of co-down-regulation

of caspase-3 and caspase-7 by siRNAs on sodium butyrate-induced apoptotic cell

death of Chinese hamster ovary cells producing thrombopoietin. Metab. Eng. 9,

452–464.

Sunley, K., Butler, M., 2010. Strategies for the enhancement of recombinant protein

production from mammalian cells by growth arrest. Biotechnol. Adv. 28, 385–394.

Sunley, K., Tharmalingam, T., Butler, M., 2008. CHO cells adapted to hypothermic growth

produce high yields of recombinant beta-interferon. Biotechnol. Prog. 24, 898–906.

Swiech, K., Picanco-Castro, V., Covas, D.T., 2012. Human cells: new platform for

recombinant therapeutic protein production. Protein Expr. Purif. 84, 147–153.

Szczepek, M., Brondani, V., Buchel, J., Serrano, L., Segal, D.J., Cathomen, T., 2007.

Structure-based redesign of the dimerization interface reduces the toxicity of zinc-

finger nucleases. Nat. Biotechnol. 25, 786–793.

Tangvoranuntakul, P., Gagneux, P., Diaz, S., Bardor, M., Varki, N., Varki, A., Muchmore,

E., 2003. Human uptake and incorporation of an immunogenic nonhuman dietary

sialic acid. Proc. Natl. Acad. Sci. U. S. A. 100, 12045–12050.

Tekoah, Y., Tzaban, S., Kizhner, T., Hainrichson, M., Gantman, A., Golembo, M., Aviezer,

D., Shaaltiel, Y., 2013. Glycosylation and functionality of recombinant beta-

glucocerebrosidase from various production systems. Biosci. Rep. 33.

Tey, B.T., Singh, R.P., Piredda, L., Piacentini, M., Al-Rubeai, M., 2000. Influence of bcl-2

on cell death during the cultivation of a Chinese hamster ovary cell line expressing a

chimeric antibody. Biotechnol. Bioeng. 68, 31–43.

Thomann, M., Schlothauer, T., Dashivets, T., Malik, S., Avenal, C., Bulau, P., Ruger, P.,

Reusch, D., 2015. In vitro glycoengineering of IgG1 and its effect on Fc receptor

binding and ADCC activity. PLoS One 10, e0134949.

Tigges, M., Fussenegger, M., 2006. Xbp1-based engineering of secretory capacity

enhances the productivity of Chinese hamster ovary cells. Metab. Eng. 8, 264–272.

Urlaub, G., Chasin, L.A., 1980. Isolation of Chinese hamster cell mutants deficient in

dihydrofolate reductase activity. Proc. Natl. Acad. Sci. U. S. A. 77, 4216–4220.

Van Blokland, H.J., Hoeksema, F., Siep, M., Otte, A.P., Verhees, J.A., 2011. Methods to

create a stringent selection system for mammalian cell lines. Cytotechnology 63,

371–384.

von Horsten, H.H., Ogorek, C., Blanchard, V., Demmler, C., Giese, C., Winkler, K., Kaup,

M., Berger, M., Jordan, I., Sandig, V., 2010. Production of non-fucosylated antibodies

by co-expression of heterologous GDP-6-deoxy-D-lyxo-4-hexulose reductase.

Glycobiology 20, 1607–1618.

Walsh, G., 2014. Biopharmaceutical benchmarks 2014. Nat. Biotechnol. 32, 992–1000.

Wang, Z., Park, J.H., Park, H.H., Tan, W., Park, T.H., 2011. Enhancement of recombinant

human EPO production and sialylation in chinese hamster ovary cells through

Bombyx mori 30Kc19 gene expression. Biotechnol. Bioeng. 108, 1634–1642.

Warner, T.G., Chang, J., Ferrari, J., Harris, R., McNerney, T., Bennett, G., Burnier, J.,

Sliwkowski, M.B., 1993. Isolation and properties of a soluble sialidase from the

culture fluid of Chinese hamster ovary cells. Glycobiology 3, 455–463.

Washburn, N., Schwab, I., Ortiz, D., Bhatnagar, N., Lansing, J.C., Medeiros, A., Tyler, S.,

Mekala, D., Cochran, E., Sarvaiya, H., et al., 2015. Controlled tetra-Fc sialylation of

IVIg results in a drug candidate with consistent enhanced anti-inflammatory activity.

Proc. Natl. Acad. Sci. U. S. A. 112, E1297–1306.

Wiedenheft, B., Sternberg, S.H., Doudna, J.A., 2012. RNA-guided genetic silencing

systems in bacteria and archaea. Nature 482, 331–338.

Williams, S., Mustoe, T., Mulcahy, T., Griffiths, M., Simpson, D., Antoniou, M., Irvine, A.,

Mountain, A., Crombie, R., 2005. CpG-island fragments from the HNRPA2B1/CBX3

genomic locus reduce silencing and enhance transgene expression from the hCMV

promoter/enhancer in mammalian cells. BMC Biotechnol. 5, 17.

Wilson, C., Bellen, H.J., Gehring, W.J., 1990. Position effects on eukaryotic gene

expression. Annu. Rev. Cell Biol. 6, 679–714.

Wissing, S., Wölfel, J., Kewes, H., Niehus, C., Bialek, C., Hertel, S., Faust, N., 2015.

Expression of glycoproteins with excellent glycosylation profile and serum half-life in

CAP-Go cells. BMC Proc 9, P12.

Wolfel, J., Essers, R., Bialek, C., Hertel, S., Scholz-Neumann, N., Schiedner, G., 2011. CAP-

T cell expression system: a novel rapid and versatile human cell expression system for

fast and high yield transient protein expression. BMC Proc. 5 (Suppl. 8) (P133).

Wong, N.S., Wati, L., Nissom, P.M., Feng, H.T., Lee, M.M., Yap, M.G., 2010. An

investigation of intracellular glycosylation activities in CHO cells: effects of

nucleotide sugar precursor feeding. Biotechnol. Bioeng. 107, 321–336.

Wright, J.F., 2009. Transient transfection methods for clinical adeno-associated viral

vector production. Hum. Gene Ther. 20, 698–706.

Xu, X., Nagarajan, H., Lewis, N.E., Pan, S., Cai, Z., Liu, X., Chen, W., Xie, M., Wang, W.,

Hammond, S., et al., 2011. The genomic sequence of the Chinese hamster ovary

(CHO)-K1 cell line. Nat. Biotechnol. 29, 735–741.

Yamane-Ohnuki, N., Kinoshita, S., Inoue-Urakubo, M., Kusunoki, M., Iida, S., Nakano, R.,

Wakitani, M., Niwa, R., Sakurada, M., Uchida, K., et al., 2004. Establishment of FUT8

knockout Chinese hamster ovary cells: an ideal host cell line for producing

completely defucosylated antibodies with enhanced antibody-dependent cellular

cytotoxicity. Biotechnol. Bioeng. 87, 614–622.

Yang, W.C., Lu, J., Nguyen, N.B., Zhang, A., Healy, N.V., Kshirsagar, R., Ryll, T., Huang,

Y.M., 2014. Addition of valproic acid to CHO cell fed-batch cultures improves

monoclonal antibody titers. Mol. Biotechnol. 56, 421–428.

Yang, Z., Wang, S., Halim, A., Schulz, M.A., Frodin, M., Rahman, S.H., Vester-Christensen,

M.B., Behrens, C., Kristensen, C., Vakhrushev, S.Y., et al., 2015. Engineered CHO cells

for production of diverse, homogeneous glycoproteins. Nat. Biotechnol. 33, 842–844.

Yoon, S.K., Kim, S.H., Lee, G.M., 2003. Effect of low culture temperature on specific

productivity and transcription level of anti-4-1BB antibody in recombinant Chinese

hamster ovary cells. Biotechnol. Prog. 19, 1383–1386.

Yun, C.Y., Liu, S., Lim, S.F., Wang, T., Chung, B.Y., Jiat Teo, J., Chuan, K.H., Soon, A.S.,

Goh, K.S., Song, Z., 2007. Specific inhibition of caspase-8 and −9 in CHO cells

enhances cell viability in batch and fed-batch cultures. Metab. Eng. 9, 406–418.

Zang, L., Frenkel, R., Simeone, J., Lanan, M., Byers, M., Lyubarskaya, Y., 2011.

Metabolomics profiling of cell culture media leading to the identification of riboflavin

photosensitized degradation of tryptophan causing slow growth in cell culture. Anal.

Chem. 83, 5422–5430.

Zhang, F., Frost, A.R., Blundell, M.P., Bales, O., Antoniou, M.N., Thrasher, A.J., 2010a. A

ubiquitous chromatin opening element (UCOE) confers resistance to DNA

methylation-mediated silencing of lentiviral vectors. Mol. Ther. 18, 1640–1649.

Zhang, M., Koskie, K., Ross, J.S., Kayser, K.J., Caple, M.V., 2010b. Enhancing

glycoprotein sialylation by targeted gene silencing in mammalian cells. Biotechnol.

Bioeng. 105, 1094–1105.

Zhang, P., Tan, D.L., Heng, D., Wang, T., Mariati Yang, Y., Song, Z., 2010c. A functional

analysis of N-glycosylation-related genes on sialylation of recombinant

erythropoietin in six commonly used mammalian cell lines. Metab. Eng. 12, 526–536.

Zhang, L., Inniss, M.C., Han, S., Moffat, M., Jones, H., Zhang, B., Cox, W.L., Rance, J.R.,

Young, R.J., 2015. Recombinase-mediated cassette exchange (RMCE) for monoclonal

antibody expression in the commercially relevant CHOK1SV cell line. Biotechnol.

Prog. 31, 1645–1656.

M.-E. Lalonde, Y. Durocher Journal of Biotechnology 251 (2017) 128–140

140

http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1035
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1040
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1040
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1040
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1045
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1045
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1045
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1050
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1050
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1050
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1050
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1055
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1060
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1060
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1060
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1065
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1065
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1065
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1065
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1070
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1070
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1070
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1075
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1080
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1085
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1090
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1090
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1095
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1095
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1100
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1100
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1100
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1105
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1105
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1105
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1105
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1110
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1110
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1115
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1115
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1120
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1120
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1125
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1125
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1125
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1130
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1130
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1130
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1135
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1135
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1135
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1140
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1140
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1140
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1145
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1145
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1145
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1150
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1150
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1155
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1155
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1160
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1160
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1160
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1165
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1170
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1175
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1175
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1175
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1180
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1180
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1180
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1185
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1190
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1190
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1195
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1195
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1195
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1195
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1200
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1200
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1205
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1205
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1205
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1210
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1210
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1210
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1215
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1215
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1215
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1220
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1220
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1225
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1225
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1225
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1230
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1230
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1230
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1230
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1230
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1235
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1235
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1235
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1240
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1240
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1240
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1245
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1245
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1245
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1250
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1250
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1250
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1255
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1260
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1260
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1260
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1265
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1265
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1265
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1270
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1270
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1270
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1275
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1275
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1275
http://refhub.elsevier.com/S0168-1656(17)30191-8/sbref1275

